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ABSTRACT 
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been obtained. DeSign curves are also presented for practi- 
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(Pa hKoDUCT EON 


A. BACKGROUND 

A variety of waveguiding structures have been proposed 
for use at microwave and millimeter wave frequencies [Ref. 1]. 
In recent years, one of these structures, fin-line, has gained 
in importance as a transmission medium in millimeter wave 
circuit construction [Refs. 2-7]. Fin-line has been found 
superior to microstrip at millimeter wavelengths as the 
former provides eased production tolerances, better compati- 
bility with hybrid devices, greater freedom from radiation 
and higher mode propagation, combined with the ability to 
construct simple transitions to conventional eee 
waveguide. 

Figure 1 shows a 3-dimensional view of fin-line. This 
structure is interesting in that it may be viewed in various 
ways depending upon the value of W/b, the ratio of slot width 
to waveguide height. For small values of W/b, the structure 
may be appropriately viewed as a slotline with a rectangular 
shield. For large values of W/b, the structure is more easily 
seen as a ridged waveguide loaded with dielectric. When 
W/b = 1, a dielectric slab loaded waveguide exists and finally 
memew/b = 1 and oe = 1, the structure takes on the configura- 
tion of empty rectangular waveguide. 

The most commonly used transmission line to date in 


microwave integrated circuits is the microstrip line. This 
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3-Dimensional View of Fin-line Structure 
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structure when used at high frequencies (millimeter wave 
range) results in problems which include radiation loss, 
spurious coupling, dispersion and higher mode propagation. 

In fin-line structures, metal fins are printed ona 
dielectric substrate which bridges the broad walls of a 
rectangular waveguide. In effect, the line is a printed 
ridged waveguide and can be designed to have a wider useful 
bandwidth than conventional line and can provide bandwidths 
in excess of an octave with less attenuation than microstrip. 
This adaption of ridged waveguide permits circuit elements 
to be fabricated by photo-etching at low cost and is compati- 
ble with thin-film hybrid techniques. 

In passive circuits, such as filters, the fins as illus- 
trated in Figure 1 may be directly grounded to the metal walls 
of the waveguide, and lumped elements, such as beam-lead 
capacitors, may be added. The gap between the fins can be 
feietea along the longitudinal axis to provide low-cost circuit 
elements. When fin-lines are constructed as illustrated by 
Figure 2, the waveguide is parted along a plane where the 
current flow is parallel to the break, as in a common slotted 
line and the dielectric material extends through the separation 
in the broad wall of the shield. The upper fin is insulated 
from the housing at dc by a dielectric gasket. By making the 
thickness of the broad walls a quarter wavelength, a short 
Circuit will appear between the fin and the inner wall of the 
shield at RF. Thus a practical fin-line will have the same 


electrical characteristic as the idealized structure of 


3 





HOUSING 


SUBSTRATE INSULATING GASKET 





PRINTED 
FIN 


Figure 2. Integrated Fin-line Semiconductor Mount 


1A 


moe LL. Lhe lower Lin 1s grounded directly by a metal 
gasket to provide a dc return when solid state devices are 


mounted on the fins. 


B. RELATED WORK 

Fin-line was first proposed in 1972 by Meier [Refs. 2 
and 3] and has since received considerable attention by a 
number of other investigators. Meier's work was primarily 
experimental in nature and the wavelength and impedance 
calculations were approximated. Previous analytical work on 
fin-line has been based on various methods [Refs. 8-1l]. 
In this study, dispersion of different fin-line geometries 
was obtained by applying Galerkin's method to the electric 
fields in the slot interface [Ref. 8]. Another approach used 
the Transmission Line Matrix (TLM) technique yielding the 
dispersion characteristic of the fundamental and higher order 


modes of propagation [Ref. 9]. 


C. STATEMENT OF OBJECTIVES 

The Spectral Domain technique is used here in the analy- 
sis of the fin-line structure shown in Figure l. This tech- 
nicue was first suggested by Itoh and Mittra [Ref. 12] and 
has since been applied to the analysis of other structures 
Meets, 13-15]. 

One of the advantages of this approach is that it is 
numerically more efficient than the conventional methods that 
work directly in the space domain. This is due primarily to 


the fact that the process of Fourier transformation of the 
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coupled integral equations in the space domain yields a pair 
of algebraic equations in the transform domain that are 
relatively easier to handle. Another important advantage is 
that the Green's function takes a much simpler form in the 
transform domain, as compared to the space domain where no 
convenient form of the Green's function is known to exist. 
The Spectral Domain Transform method is first applied 
here in the formulation of the dispersion characteristic of 
the fin-line structure of Figure 1. During the application, 
a new matrix approach to the implementation of this method 
is presented. The characteristic impedance is next formu- 
lated using this technique in terms of the dispersion char- 
acteristic. Following the theroetical analysis, an explana- 
tion of the computer program used in determination of the 
wavelength and characteristic impedance is presented. Numeri- 
cal results are then compared with known data for ridged 
waveguide, slab loaded waveguide and slotline. These com- 
parisons establish the accuracy of the numerical results and 
merustrate the applicability of this method for the full 
range of structure parameters. Finally, several families 
of design curves are presented for a practical choice of 


fin-line parameters. 
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Mien lenl ANALYST OF FIN-LINE 


A. FIELD AND BOUNDARY CONDITIONS 

Piathide Supports a hybrid field and it is known that all 
hybrid field components can be obtained from the superposition 
of TE and TM modes which are related to the two scalar poten- 
fal functions 6- (x,y) and s 7 (x,y), where the superscripts e 
and h denote electric and magnetic, respectively [Ref. 16]. 
The axial components of TM and TE are then 
e fez, 


E “= Ke d (x,y) e (1) 


Z Cc 


eZ (2) 


oh 
Il 


k* 9" (x,y) e 


where Ke. = i + ré and kK. = ao 


ele Ss Or “each 
onl 


rie 
of the three regions defined in Figure (l). 
Through Maxwell's curl equations the transverse field 


components are then determined by these axial components and 


can be given as 


e h 
Z mt ae: do EZ 
Ey (T ee Jowu ay e (3) 
e h 
- (rp 2e 4s ag") Qf2 
EY tL ay se | ae ae )e (4) 
Jo) a 
: adn Te ao-) Qf2 
Hy. = (T or ta oe ay )e (5) 


Ly 





h e 
H, = (7 Tan ere ee (6) 





Since the lossless case is assumed, the propagation constant 


is T = +38 and Ke, = ks = oe We will also assume that 
aims ©3 ~ °5 and Eo = €O&}° 


Peplying boundary conditions at the walls in region l, 
tangential field components must be zero, so it follows that 


at v = hy + D 


0H 





= z1 = 
Ey (rh, +D,2) = 0 ay (x,h,+D,z) = 0 C7) 
oH 
Ey (%, hh, +D,Z) = 0 ae a ea) = 0 (8) 


At the interface between region 1 and 2, tangential field 


components must be continuous. 


At y = D 
ees) 2) Ee, (xD, 2) (9) 
Ey (C7D,Z) = Eig (*%1D-Z) , lO) 


Also the electric fields at y = D will exist only in the 


Slot and can be expressed as, 
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0 oe 2 


Ey fer De2) = Cie) 
jen me” Ix| < W/2 
0 |x| > W/2 
E Os Dhue) = GiEeZ) 
x1 
fe (xe - ec W/ 2-2. 


Similarly, tangential magnetic fields must be discontinuous 


by corresponding surface current densities. 


3, (*) ene lx| > W/2 
Ho (%-D-z) o H 5 (%,D,2) = (ES:) 
0 et WY 2 
: PZ 
ene) e Ix| > W/2 
Hy (%,D,2Z) ~ Ho (x,D,z) = (14) 
0 Ix| < W/2 


The tangential field components at the interface between 


region 2 and 3 must also be continuous. At y = 0 


Eg (*0,2Z) = Eg (% 9-2) (15) 


Ep (%,0,2) = Eg (%1 0,2) (ALS) 


Ine 


Ho (x,0,2) = Ho (*,0,2) (17) 


Hg (x1 0,2) = H 3 (0,2) : (18) 


Once again at the shield wall in region 3, the tangential 


field components must be zero, therefore at y = “ho 
oH 3 
E63 (%7hs,2) = 0 Gy Se a = 0 (19) 
oH 3 
Eo.3 (*) 7h, 2) = 0 a = Ors (2.05 


The final boundary conditions occur at x = +b/2 where the 
tangential components must be zero in all regions. At 


x = +b/2 


It 
oO 


E , (Fb/2,y,2) 


: (2) 


tl 
O 


EL, (tb/2,y,2) (2) 
BeeeeorPiCLRAL DOMAIN APPROACH TO DISPERSION CHARACTERISTIC 
The approach used in the analysis of the dispersion 
characteristic is basically a modification of Galerkin's 
approach adapted for application in the Fourier transform 
Or spectral domain. 
The scalar potential functions Ae and i Satisfy the 


Helmholtz equations in the three spatial regions, thus 
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Taek. oo, = 0 (23) 


where ve denotes the two-dimensional Laplacian operator in the 
transverse direction. These equations are second-order differ- 
ential equations for the unknown potential functions which 


may be Fourier transformed with respect to x to obtain ordinary 


differential equations via the transformation defined as 


coe Olay) = f (x,y) e dx. (24) 


The Helmholtz equations of (23) are transformed into 


SG kos). On (ayy) (25) 


meme the electric field, be and the magnetic field, gf, 


The solutions to these ordinary differential equations 
for the three regions after applying the boundary conditions 


mye hm. + D and y = -h, (equations (7), (8), (19) and (20)) 


1 


can be written as 


2 


e _ xe : 
7 (ary) a (a) sinh y, (D+h, y) (26a) 
“(a ,y) = B°(a_) sinh yay+C©(a_) cosh (26b) 
ean’ n iy n Yegny 


Zk 





o3(a_-¥) = D (a) Sinh Y3(hoty) (2Ge) 
alee ) = Pere ) cosh (D+h, -y) CAG) 
1'*n’” n uel 1 
re eo ee da yesiuh y.y Ca.) cosh y,y (26e) 
Den! y n "9 n Y9 
se y) = Die ecoshey = (haty) (266) 
Ba on’ n Se aa 
where 
2 a a” 7 ey 
nee se og ee oe 
and 
h 
n21/b d even (28a) 
Oo — 
n 
mai a > OS eae (28b) 


fienis important to observe at this point that v5 may be 
less than zero in any of the three regions of the structure 
under certain conditions. Therefore three sets of solutions 
can exist for equations (26a) to (26f). When a. = O and kK. 
approaches Ky (where Ko 1s the wave number for free space) 
8 is less than Kk. and so vs =O eeeunader: thas Condition the 
hyperbolic functions in all three regions are replaced by 
2 


trigonometric functions. If Ks < 8 < Kos then ys and Y3 


Dee, 


are greater than zero and v5 < 0 for some values of OO and 
the trigonometric functions replace the hyperbolic functions 
in the spatial region 2 only. This suggests that the nature 
of the field is dependent upon the values of the transform 
variable, On: The last solution occurs when v4 ee OF LOL whitch 
the solutions are given above. For conditions when v5 < 0, 


ia replaces Ys such that (y,)° = -yé and cosh Wa 1s replaced 


by cos vay and sinh Wao? 1s replaced by j sin vaY: 

The next step in obtaining a solution to the differential 
equations is the application of the continuity or boundary 
conditions at the interfaces between the three spatial regions, 
namely at y = 0 and y = D. These conditions are given in 
Beuwations (9) through (18). Through their application, the 
Cight coefficients aS Enough pb? may be related to each 
Sther, to the fin surface current j(x) and the slot field 
e(x). The resulting set of linear equations (really a set of 


transformed boundary equations) may be written in a matrix form 


as follows: 
A 0 
BS 0 | 
[M } = (29a) 
E e e 
7 Ex 
e EG, 


ZS 


J 





ey 


e) 


Pe 


A 0 
B 0 
[M7] = (29b) 
ie L) 
| x 
D 1 J 
Vd 


where E. (a) is the transform of the slot field and J, (a,) 
is the transform of the surface current. The matrices [Me] 
and [M,] are Square 8 x 8 matrices and differ only in the 
last two rows. Details of the application of the continuity 
Senaitions and the formation of the [M_] and [M;] matrices 
are shown in Appendix A, with a listing of the matrix elements 
under the conditions v4 > 0 and v5 < 0 and normalized with 
respect to D. 

To solve the matrix equations (29), the unknown coeffi- 


cients AX enceugh ph are determined by 


aS 0 
By 0 
are <1 
j = [Mr] a (30) 
‘ e 
x | 
D iS 
| 7, 


where (Mp1 "> 1s the inverse matrix of [M_]. Now substituting 


J: 
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equation (30) into (29b) results in the single matrix 


equation 


0 0 
o | 0 
Gi] ce ale = iW. oh. (31) 
J é : 
Ex JIx 
We JZ 


Using the four lower right hand corner elements of the 


matrix [M5] [Me] 77, (31) is converted to 


G, (a,-8) Go (a,,8) E fa) Je cee 
G(a_,8) Gyo, .8) Eta.) J, (a) 
2) 


where the elements of the matrix [G] are the Fourier transforms 


of the components of the dyadic Green's function for this 


Structure. 


A solution to equation (32) is obtained by using the 


Method of Moments [Ref. 17]. The inner product is defined as 


<fle,), gio )J>= J fla) g*(a) . (33) 
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Galerkin's method is used here and thus the Fourier trans- 
forms for the electric field components, =e and c. will be 
used for the weighting functions, Wa). Taking the inner 
product of equations (32) with Ws Co) = E fo.) and 


Wa) = E fa.) yields 


I! 
© 


co PG 618 7 a 


32) 


I 
ro) 
e 


Che ee C8 7 
Following from Parseval's theorem, the right-hand side of 
these equations are zero because of the orthogonality of 

the electric field and surface current at y = D. 

MemtO this point, the formulation of the problem is exact 
Since no approximations have been made. The electric field 
components and their transforms although unknown can be 
expanded in a set of basis functions. An investigation of 
various One~term approximations made by Knorr and Kuchler 
[Ref. 18] suggests good accuracy can be achieved if the 


electric field distribution between the fins is approximated 


by 
1 [x| < W/2 


0 elsewhere 


(35) 
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fem the dominant mode. This choice (shown in Figure 3 for 

A = 1) has been shown to give accurate results for slotlines 
Semen = 2 (Ret. 18) and it is exact for dielectric slab- 
loaded waveguide (W/b = 1). Assuming that e,, (x) = 0 reduces 


equation (34) to 
2 2. 
cowie eS ec, (ca) |— (a_)|° = 0 (36) 


where E(o.) is the transform of the electric field distri- 


bution 
ue Jax Sin(a_W/2) 
ee(a ) = e (x) e dx = AW ———-— 
x n -w/2 x On W/2 : 
(37) 


So, one can see that (36) is dependent on the ratio of i/i' 


or effective dielectric constant, E.. , defined by 
eff 


The dispersion characteristic of the dominant fin-line 
meee Can now be found by varying €@, the propagation constant, 
such that equation (36) is satisfied for a given set of 


physical parameters at a desired frequency of operation. 


wi 








Figure 3. Assumed Electric Field Component in Slot 
in x-direction Versus x for Fin-line 
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fcr AkeaclERISTIC IMPEDANCE IN TERMS OF DISPERSION 
CHARACTERISTICS 


The definition of the characteristic impedance for an 
ideal TEM transmission line is uniquely given by static 
quantities. Since fin-line is not a TEM transmission line 
nor does it support a pure TE or TM waveguide mode but rather 
supports hybrid modes, no unique definition of the character- 
istic impedance can be found. 


One possible choice is to define it as 





where Vo is the slot voltage defined as 


i fE + ag 
slot 


Assuming the electric field shown in Figure 3 and (35), 


W/2 
eee = if Adx = 1 
-W/2 


where A was arbitrarily selected as 1/W so that AW = l. 
Pave is the time-averaged power flow in the fin-line struc- 


ture which is given by 


ONS 





ao, 
il 
No| 
ve) 
1) 
=. 
= 
C7 
x 
ae 
+ 
0) 
Qu 
a8) 


avg 


NO] 


Re f{ f (EH 


ee * 
_ EH? dx dy . (39) 


y 


Mimestituting equations (3), (4), (5) and (6) into (39) 


mMesults in 











D+h 
by 2 a e h h - 
- l We ee SO) (ae oe 84 
eo (CUD Re i if 15) Bree jous) ( 1 Bee? Ieee, 
=I 8/4 aie 
= h h 2 
yee . dod ee 
ere SN el De eam 1 eee ) Jdxdy. (40) 


This formulation applies to the time-averaged power flow 
in the spatial domain. Through the use of Parseval's theorem, 
it 1s possible to transform this expression into the spectral 
domain where the scalar potential functions are known. The 
integration with respect to x is transformed via Parseval's 
relation into an infinite summation. Applying this theorem 
where 0° (x,y) and y2iex se are real yields 


b/2 D+h, 


f 6° (x,y) 6 (x,y) dxdy 
ao 2 -h 


= by fF © Pa yyy eta .y) ay 
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Therefore, equation (40) is transformed into 


: D+h, a 
eee! 2,,@;2_ 2a | BO 7 2 
Pavg = 6; Re _. om: { Bwea|¢ | Buna |o | Bue | | 
7 y, 
h h e 
_ aie ec ea(o )* | 30 Jat 
Bons | J8 ate ay + ay (one | 
2 h 
Ae Ne oon) a> Qe, y 
+ jk ate ne + ae yp aleiuay « (41) 
This expression must be evaluated in each of the three 
regions of the fin-line shown in Figure 1. Therefore the 
power flow may be expressed by 
BPG = 2 ae 
where Pos P., and P, are defined as 
a Dirt 
Pee ee Re OS f {£(0°%,0)} 4 (42a) 
1 2b L aa Y 
n=-2 O 
Pee = = Re j i tet oy} (42b) 
2b L Dee Ce, 
n=-e Q 
oe sha fF ee oy ya (42c) 
3 2b L ce ee a si 
n=-e —h, 


Sisk 





The simple functional dependence on the variable y allows 
one to perform the integration in equations (42a) -(42c) 
analytically (see Appendix B). This leaves oe as the 
summation of the power flow in each region. 


ans 
Eeua 26 ) (P, +P, +P.) . (43) 


Now that een can be determined by the application of the 
dispersion characteristic or propagation constant determined 
earlier and that the slot voltage Vo 1s known, the character- 
istic impedance can be computed. The details of these lengthy 
but straightforward algebraic manipulations are shown in 


Appendix B. 
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III. COMPUTER PROGRAMMING 


In Section II the theoretical background of the analysis 
was provided. This section concerns itself with the computer 
programming technique used for fin-line analysis. The program 
was designed for the determination of the wavelength and the 
characteristic impedance of a particular fin-line structure 
over a range of frequencies but due to the nature of the 
structure various other configurations may be considered by 
the proper selection of input parameters. Dielectric slab 
loaded and ridged waveguide along with rectangular waveguide 
may also be analyzed. Before the program is described some 
general considerations which lead to its development are 


necessary for understanding of the numerical methods used. 


A. REMARKS ON NUMERICAL ANALYSIS 

The computation of the characteristic impedance is based 
upon the solution to the dispersion characteristic problem 
for the transmission line under consideration. In other 
words, the wavelength ratio, A'/\, or the wave propagation 
constant, 8, must be known before any other investigations can 
be started since only in this case are the scalar potential 
functions in the transform domain known. Hence, in the analy- 
Sis of the various structures, the starting point is a solu- 


tion for g, the propagation constant of equation (36). 
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In general a g is sought such that 


oO 


J Gla .e)lE(a)|* = 0 (44) 


n=7"-© 


where G, (a,,8) is a component of the transformed dyadic 
Green's function and E(a_) is the approximation to the 
Meurier transform of the electric field in the slot in the 
plane y = D. A first order approximation is assumed here 
which eliminated the other terms of equation (34). 

It is obvious that an analytic solution for 8 cannot be 
obtained due to the algebraic complexity leading to the quan- 
eLty G, (a, +8) as shown in Appendix A. Thus a numerical 
solution is mandatory and must be obtained by computer 
programming. 

It is shown in Section II that the transforms of the dyadic 
Green's function components were obtained by mathematical 
manipulation of matrices. The matrix elements are either 
real or imaginary so that in general a complex computation on 
the computer iS necessary. Furthermore, it is shown that the 
elements change from hyperbolic to trigonometric functions. 
For examaple sinh YoD becomes jsin yD. It was found that 
these quantities are not only pure real or pure imaginary 
but change from real to imaginary or vice versa for the 
cases v5 > 0 and ys a). 

Previously, equation (32) was obtained by lengthy alge- 


braic manipulation of the boundary equations. In the approach 
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described here the matrices (29a) and (29b) are defined 
directly from the boundary equations and equation (32) is 
arrived at by numerical computation. There is some sacri- 
fice in numerical efficiency in this approach but the formu- 
lation of the problem is straightforward. 

Since in equation (44) the absolute value squared of the 
assumed electric field is taken, this part of the series will 
be in general a real and even function of On: Preliminary 
numerical investigations by Kuchler [Ref. 19] of the coeffi- 
cients of these series indicated an even distribution with 
respect to the variable ae also exists. Therefore, all terms 
of the series (44) are even functions which allows the saving 
of computation time by summing over only half the interval. 

A desired solution for equation (44) can now be found by 
assigning an arbitrary numerical value for the wavelength 
ratio and then iteratively changing this until the series con- 
verges to zero or more precisely a small enough value so 
that a prescribed accuracy for the wavelength ratio is realized. 

The next task is the determination of the time average 
power flow. Here again complex arithmetic expressions are 
involved as seen in Appendix B. 

Dielectric substrates are commercially available for 
various thicknesses D so that in general the line parameters 
should be computed for each thickness and frequency. A more 
generalized method of analysis is simply to scale the various 


geometric quantities involved with respect to this thickness 
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to obtain more versatile parameters for a varying normalized 
frequency D/A. The resulting design curves may then be 
applied to the structures scaled to different operating 
frequencies. 

B. COMPUTER PROGRAM DESCRIPTION FOR FIN-LINE CONFIGURED 

TRANSMISSION LINE 

A computer program which provides a numerical analysis of 
fin-line is shown in Appendix C with the main program called 
'FIN-LINE' and its accompanying subroutines 'CALC' and "CMTRIN,' 
all written in the FORTRAN IV programming language. 

The program 'FIN-LINE' starts by reading the input data 
which includes the structure dimensions, the dielectric con- 
Stant, the initial values of the slot width and frequéncy 
and the iteration steps. After the input data is read, 
fee rtalization of computation loops occur for varying slot 
widths and normalized frequencies. Next, the program determines 
the type of structure that exists and whether or not the con- 
figuration is operating in the dominant mode. Operation at 
higher order empty waveguide modes are allowed but program 
termination occurs at the onset of surface waves. 

The program proceeds with preliminary computations used 
in the determination of the dispersion characteristic. The 
first major computation of the program that takes place is 
the finding of the wavelength ratio \'/iX which satisfies 
equation (36). The necessary coefficients for determining 


the series are provided by the subroutine 'CALC'. An initial 
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wealue of A'/i = ee is selected where L/ve, is the lower 


limit of A'/iA, that is when i\' = i this wavelength of the 


a’ 
dielectric material. The results from the initial computation 
are used to select a new value for A'/A through a bisectional 
zero finding method to improve the results and the procedure 
starts over again. The computation is terminated when the 
correct value for A'/A is determined which satisfies equation 
(36) or when the absolute value of the difference between the 
old and the new value for i\'/iA is less than S510) and thus 
produces a three digit accuracy after the decimal point. 

Using the determined value of the wavelength ratio, the 
program continues with the computation of the characteristic 
impedance. The coefficients for this computation (equation 40) 
are provided again by the subroutine 'CALC'. 

After completion of the dispersion and impedance compu- 
tations, the program prints these values and restarts with 
new values for the normalized frequency and/or slot width. 

Figure 4 presents a flow diagram for the main program 
'FIN-LINE'. All the variable names have been chosen such 
that the statements can be readily compared with the respec- 
tive equations of the appropriate appendices. 

The subroutine 'CALC’ provides the coefficients and matrix 
elements as well as an extensive amount of the computation 
used in the determination of both the dispersion and impedance. 


The entry variable is A/A' for both characteristics. A flow 


@eagram for the function 'CALC' is shown in Figure 5. 


Shi 








Compute 
AD, DLL 
DA, HDA 





Figure 4a. Flow Diagram for Main Program 'FIN-LINE' 
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Compute 
WD, WB, DL 


WD = BD A 
EPSR>1 













Write 
Heading 
(3000) 


Figure 4b. Flow Diagram for Main Program 'FIN-LINE' 


(Continued) 
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Do 
o> a IDL 


DL = DL + DLINC 














Write 
Heading 
(3010) & DL} 


Figure 4c. Flow Diagram for Main Program 'FIN-LINE' 
(Continued) 
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Ak 
BD IxX = l 





Figure 4d. Flow Diagram for Main Program 'FIN-LINE' 
(Continued) 
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EPL = (LPL1 + LPL2)/2 


| LPL-LPL1 | < Z 


SE-4 
1/LPL 
CALC 


LPL1 = LPL 
a 


i 
5) 


Sil 
IX 


© 


Figure 4e. Flow Diagram for Main Program 'FIN-LINE' 
(Continued 
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PAVG = CALC (LLP 
Vos = l 


ZO = VOS/2PAVG 





STOP 


Figure 4f£. Flow Diagram for Main Program 'FIN-LINE' 
(Continued) 
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START 


COMPUTE 
too, KCIbs 
Rezis, KC3iS 





ME & MJ 
ARRAYS 


Figure 5a. Flow Diagram of Subroutine 'CALC' 
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J COMPUTE 
[ME] & [ MJ] 


MATRIC ELEMENTS 
2 


WHERE y, < 0 





GAMLD = VGAMLDS 
GAMHDL = GAM1D(HD1) 





GAMHD1L T = 
+80 _— GAMHD1 = 80 


COMPUTE 
[ME] + [MJ] 
MATRIX ELEMENTS 
2 


WHERE y, > 0 





GAM2DS 


<0 
COMPUTE 
F [ME] & [MJ] 
MATRIX ELEMENTS 


WHERE y3 < 0 


GAM2D = vVGAM2DS 


Figure 5b. Flow Diagram of Subroutine 'CALC'! 
(Continued) 
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[ME] & [MJ] 
MATRIX ELEMENTS 


WHERE y5 > 0 





GAM3ps 
<0 
= COMPUTE 
[ME] & [MJ] 
MATRIX ELEMENTS 
GAM3D = VGAM3DS 2: 


GAMHD3 = GAM3D(HD2) NSLS A 





Figure 5c. Flow Diagram of Subroutine 'CALC' 
(Continued) 
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COMPUTE 


[ME] & [MJ] 
MATPIX ELEMENTS 
Z 


WHERE Y, > 0 





INVERT 
ME 
MATRIX 
-l 
G = [MJ] [ME] 

' EXTRACT 
Gil 
ELEMENT 

= ADI 
<> 


ANW WD) /2 


EXAND = SIN(ANW) /ANW 


Figure 5d. Flow Diagram of a Subroutine ‘'CALC' 
(Continued) 





COEF] = G11 (EXAND) ; 


ny 
tJ 


COFF1 = COEF1/2 


GOED e— COnr te Corr] 





Figure 5e. Flow Diagram of Subroutine 'CALC' 
(Continued) 
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COEFFICIENT = LIMIT 








Gamips “Tt 
<Q 
FE 
COMPUTE GD1, GAML 
WHERE y< > 0 


Figure 5f. Flow Diagram of Subroutine 'CALC' 
(Continued) 
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COMPUTE ANGDS, 
SIM2, SIP2, COP2 
FOR Y5 > Q 





Figure 5g. Flow Diagram of Subroutine 'CALC' 
(Continued) 
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COMPUTE SIM3 
SIP3 FOR ee > 0 


COMPUTE 
GD3, GAM3, SIM3 


SIP3 FOR 5 20 


COMPUTE 


POWER TERMS 
IN REGION 1 


IN REGION 2 





Figure 5h. 


Flow Diagram of Subroutine 'CALC' 
(Continued) 


Spl 














Figure 5i. 


COMPUTE 
POWER TERMS 
IN REGION 3 


GAMLDS a 
<Q 
: COMPUTE POWER 
(P1) IN REGION 1 
COMPUTE POWER 
(PL) IN REGION 1 


FOR y‘ < 0 












COMPUTE POWER 
(P2) IN REGION 2 


for 5 < 0 










(P2) IN REGION 2 
for y5 > 0 






Flow Diagram of Subroutine 'CALC' 
(Continued) 


DL 










COMPUTE POWER 
(P3) IN REGION 3 


FOR 5 7G 






(P3) IN REGION 3 


PAL = P1+P2+P3 





pk 


—— PAL = PAI/2 


PA = PA + PAL 
COEF = REAL(PA) /8 (AD) 
72 0= 5 /COEr 







Figure 53. Flow Diagram of Subroutine 'CALC' 
(Continued) 
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ne 
<P 


72, = (ZZIZZ2) /2 
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Figure 5k. Flow Diagram of Subroutine ‘CALC’ 
(Continued) 
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Once the subroutine is entered from the main program, 
variables used throughout are soneweeee Following the initial 
computations, a decision is made as to whether hyperbolic or 
trigonometric functions are to be used in the formation of 
the matrix elements shown in Appendix A. This decision, of 
course, is made by determining whether ve is less than or 
greater than zero. If vg 0, —mMyperbolie functions apply 
and if v5 < 0, trigonometric replace the hyperbolic functions. 
After the decision making and the formation of the [ME] and 
[MJ] matrices, the [ME] matrix is inverted and the matrix 
elements of concern in the [MJ] and [ME] ~+ matrices are multi- 
plied together for the formation of element Gll of the dyadic 
Green's functions. 

The transform of the assumed slot electric field distribu- 
tion is determined. At this point the decision, as to whether 
the dispersion or the impedance is being determined, is made. 
If the dispersion computation is in process, the subroutine 
computes the terms of equation (36) and returns to the main 
program for a new selection of \'/). 

If the characteristic impedance computation is being per- 
formed, the program continues with the determination of the 
coefficient matrix elements A~ through mee Once again the 
decision for the use of trigonometric or hyperbolic function 
is made followed by additional variable computations needed 


in determination of power. 


55 





The power flow in each region is determined for v4 


greater or less than zero, depending on the conditions, and 
totaled. This procedure is followed until the difference 
between two consecutive values of the impedance is less than 
0.1% at which time return to the main program occurs. 

The subroutine 'CMTRIN' takes the complex [ME] matrix 
and inverts it into the [ME] + matrix destroying [ME] in the 
process. The Gaussian Elimination Method with column pivoting 
is used in determination of the inverse of the matrix. Since 
this subroutine is small and performs only the one function, 


it has not been flow charted but is listed in Appendix C. 


C. PROGRAM LIMITATIONS 

Infinite summations such as those which appear in equa- 
tions (36) and (41), can not be performed on a digital com- 
puter which deals only with finite numbers. Therefore infinity 
must be replaced by a finite approximation. In the case of 
equation (36), an analysis of Gr ee wen) | versus n was con- 
ducted with results shown in Figure 6. As shown in this figure, 
when n reaches a value of about 10 the expression is down by 
membeast a factor of 16) = relative to its largest value close 
to the origin. The value n = 20 is sufficiently large to 
be considered infinite for all practical purposes. Therefore 


equation (36) becomes 


~ 5 QO) 20 ; 
2 GE” = —s— + J Glo 8) [Eo |”. (45) 
= n=l 
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2) 
Figure 6. G,/E (a,)|° vs n with So) 25d elilel 


D/A = 0.02 for Five Arbitrary Values 
Of 7 / ). 


Sy 





After establishing this limit on the summation, computer 
errors (overflows) occurred at various points in the summa- 
tion. An investigation revealed that the problem originated 
in the dyadic Green's function component when alte became 
too large. Varying the size of De produced overflows only 
when h was increased beyond a certain point; a situation 
where the walls around the central slotline-like structure 
became far removed from the field. Limits were able to be 
placed on Yams such that if its value became greater than some 
value X in this case X = 80, then igs was set equal to X 
because of the limited interaction between the walls and the 
field. When the field-wall interaction becomes a factor, 
the overflow problem no longer exists. Limitations of this 
kind are found in the computations of the wavelength as well 
as the impedance. 

The high valued arguments of the hyperbolic functions just 
discussed cause additional problems when determining the 
coefficients A° though ore in the power flow computations. 

In the inversion of the matrix [ME], these large values become 
small ones and when squared produce underflows in the computer 
system since the magnitude of the elements were less than 


on! Limitations were placed only on the coefficients ae 


D© and te which caused the underflow problem. The coefficients 


were limited to magnitudes of S510 


This problem was 
compounded by the fact that the coefficients are complex and 


they may also take on either plus or minus signs. 
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During the investigation of the overflow problem, it 
was noted that when W/b = 1, ey =—Outor tf > 0 and so G, (0) 
was the only important term in the computation. Therefore 
whenever W/b = 1 only the n = 0 term is computed in both 
the wavelength and impedance computations. 

In the characteristic impedance equation (41), the 
coefficients in this infinite series were found to decay 
rapidly so that a finite approximation yields good results. 
Figure 7 shows the characteristic impedance as a function of 
N, the number of terms in the truncated series, for various 
slot widths. Termination of the impedance computation occurs 
when the difference between two consecutive values of ZG iLi@l 
the iteration loop falls below 0.1% or when the upper limit 
of N = 50 is reached. A minimum of seven iterations is set 
for the larger values of W/b except for the situation when 


W/b = 1. In this case, only the N = 0 term is non-zero. 


D. INPUT/OUTPUT DATA 

Proper input data formatting is essential for any success- 
mUEcOMDuUter program. Input data, similar to that shown in 
Tables I and II are required with the program 'FIN-LINE'. A 
minimum of three data cards is necessary to make up the 
input data deck. The first card specifies the dimensions of 
the shielding and the permittivity of the dielectric material 
aD, h,/D, h,/D and e.)- This information is entered ina 
floating point format with the column requirements specified 


in the program listing in Appendix C. Note that for a ridged 
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700 


600 


200 


100 


Figure 7. 


W/b 


0.2 


Characteristic Impedance, Z_, vs. N, the 
number of terms in the truncated series, 


Witenes eco c and D/A = 0.0212 for a WR(19) 
shiela™ 
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i3.3 Love i. oS io 
U. i NOL? U Ss a. n Q. uve f 
US) Ue ele 24 Ute 0.0021 


000600000 0 DNDD0H000000000NO AHOGO0GAD0 0 000000 


HB 8 0 Ce RPSICN PS peth0 i 8 (ay UG HG acs ea) Pe Ay A OR ATS A AD Say, a Pye) Oe oe Oe Se Ge Oe Se | ee | 


Table I. Sample Input Data for a Ridged Waveguide 
Structure with WR(19) Shield 


ec 18.2 Pec ean te 

& 

Q. Qe 0.0170 LS 0.0 eet 
a5 0.0170 ie Q.0 Q. U4 
Lae) Q. 01 ls 0.0 0. 01 


00 0600000 0 00000000000000000 0 6000900 0 O00NnS800 


cetera RON A Eg he 1 16 UN OY oe SP 8 cS TE aT 28 2 ed ot de 1 ce 38 Ye 8? he AG Re ts 2, 


Zio le lle sample Inout Data for Fin-line Structure 
with WR(19) Shield 


SIE 





waveguide, the dielectric substrate thickness is zero. fThis 
would result in infinite values for the first three values 
Se the input data (b/D, h,/D and h,/D) . To eliminate this 
problem select any thickness greater than zero, but let its 
dielectric constant equal one. 

The second card specifies the number of initial value 
data cards that follow with nine being the maximum allowed. 
Sample input of Table I indicates that two cards will follow 
the second card and sample input of Table II shows three data 
earas follow. 

The third card needed for the input contains initial 
values for the computations that follow. Six pieces of informa- 
tion are supplied by this card. The first two pieces of 
information contain the initial values of W/b and D/A. Next 
a two digit number specifies the number of different values 
of W/b (first digit) and D/A (second digit) that will be com- 
puted. On the last card of Table I, the number 24 indicates 
that the wavelength and impedance will be determined for two 
different values of W/b and for four different values of D/d 
for each W/b. The last two values are the incremental values 
of W/b and D/A, respectively. The value of 0.5 will be used 
to increment the initial value of W/b so that the second value 
will be W/b = 1. The value 0.0021 will be used to increment 
the initial value of D/A so that the four values of D/A are 
meeete, 0.0233, 0.0254 and 0.0275. 

The data shown in Tables III and IV is the computer output 
from execution of the program listed in Appendix C with the 


input data of Table I and Table II, respectively. 
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SEQT=TRANSMISSTIIN LINe ON Bere UG moo shan ts 
art 


DIMENSIONS: 8/D=18.89 H1/D=18 .89 H2/0=17.80 EPSR= 1.0 


W/B= 90.100 D/L= 0.90170 aloo ZO= 215.7 OHMS 
W/B= 0.100 D/L= 0.0191 LP/L= 1.1176 ZO= 208-5 OHMS 
W/B= 0.100 C/L= 9.0212 LPy= 1.9918 Z9= 293.8 QHMS 
W/B= C.100 D/L= 0.0233 LP/L= 1.9738 ZO= 200.5 OHMS 
W/B= 0-100 O/L= 0.0254 LP/L= 12-0613 ZO= 198.1 OHMS 
W/B= 90.500 C/L= 0.0212 LP/L= 1.1988 ZO= 382.6 OHMS 
W/B= 0.500 D/L= 0.0233 CPiaie=" Vel559 ZO= 3690e1 OHMS 
W/B= 0.500 C/L= 9.9254 LP/L= 1.1252 Z0= 355262005 


TE~20 EMPTY GUIDE MODE PROPAGATSS FOR 
VALUES OF D/L GREATER THAN 0.027 


W/3= 0.500 D/L= 9.0275 LP/L= 1.1951 ZO= 352.5 OHMS © 


RECTANGULAR WAVEGUIDE STRUCTURE 
EXISTS FOR W/B= 1.9 


W/B= 1.900 D/L= 90.0212 LP/L= 1.2840 ZO= 484.1 OHMS 
W/B= 1-900 O/L= 0.0233 LP/L= 122176 2O= 459.2 OHMS 
W/B= 1.000 O/L= 9.0254 LP7iE= Pe ti33 ZO= 442.4 OHMS 
W/B= 1.0900 D/L= 90.9275 LP/L= 1.1426 ZO= 430.6 OHMS 


Table III. Output Data Obtained Using Sample 
Input Data from Table I 
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SLOT-TRANSMISSTION LINE ON A DO 

WITH SHIELDED W 
ite letente: LiNtee 

DIMENSIONS: 8/D=18.89 H1/D=18.89 
W/B= 0.020 C/L= 0.0170 LP/L= 
W/8= 0.020 D/L= 0.0191 LP/L= 
W/B= 0-020 D/L= 9.0212 LP/L= 
W/B= 9.0920 D/L= 9.9233 LP/L= 
W/B= 0.020 O/L= 9.0254 LP/L= 
W/B= 0.2500 C/L= 0.0170 LP/L= 


TE-20 EMPTY GUIDE MCDE PROPAGATES FO 
VALUES OF D/L GREATER THAN 


RaLEC TRE G-2SUBSTRATE 
AEDS 

0.9183 Z9O= 138.6 
0.9035 ZO= 138.1 
0.8933 ZO= 138.2 
0.8855 2Z0= 138.9 
0.8793 ZO= 139.8 
12.2457 ZO= 421.2 


R 


CPaeke a 

0.9465 ZO= 501.2 

9.9043 Z0= 700.0 

0.8683 ZO0= 776.9 

N TERMINATED 

spayeguge® 

OMINANT MODE 

oe 3 2 ae 2 ZO= **% xx 

1.2660 Z0= 508.3 
= 1.0707 Z0= 464.9 

1.0191 Z0= 493.8 

0.9957 ZO= 553.6 


W/B= 0.500 D/L= 9.0570 LP/L= 
W/B= 0.500 D/L= 0.0970 LP/L= 
W/B= 0.500 D/L= 0.1370 LP/L= 
SURFACE WAVES PROPAGATE FO 
GREATER THAN 0.1693 RU 
Piece ie ee SLAB-=_OARED 
STRUCTURE EXISTS FOR 
GUIG GEE REQUENCY OFTHE D 
imemery ou [DE TS 67. 
W/B= 1.000 C/L= 0.0100 LP/L= 
W/B= 1.000 D/L= 0.0200 LP/L= 
W/B= 1.000 O/L= 0.0309 LP/L= 
W/B= 1.000 D/L= 0.0400 LP/L= 
W/B= 1.000 C/L= 0.0500 LP/L= 
Table IV. 


Output Data Obtained Using Sample 
Sample Input Data from Table II 
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PSR= 


OHMS 
GAMS 
OHMS 
OHMS 
OHMS 
OHMS 


OHMS 
OHMS 
OHMS 


OHMS 
OHMS 
OHMS 
DHMS 


rec 





In addition to the tabulated results of the computations 
for the wavelength and impedance, message statements are also 
printed under certain conditions. All the messages that can 
be generated by the program are found in the output of Tables 
III and IV. 

Since various structures may take form by varying the 
input parameters, description of the type of structure that 
exists will be printed. For ridged waveguide, the permittivity, 
Es must be one and W/b < 1 whereas the structure becomes 
empty rectangular waveguide when W/b = 1 (shown in Table III). 
With 5 l and W/b < 1, a fin-line structure is formed. Since 
this analysis is of fin-line structure, no output statement 
is printed. When W/b = 1 and pe 1, a dielectric slab loaded 
waveguide structure exists (Table IV). 

The analysis of the fin-line structure presented here 
concerns itself mainly with operation in the dominant TE, 6 
limit mode. At the lower end of the dominant mode frequency 
range when D/i < D/X os the cutoff frequency of the empty wave- 
guide, an output statement with this information is printed. 
The cutoff wavelength of the empty waveguide, Sa is equal to 
2a where a = h,+h,+D. Since the structure takes other forms 
than just an empty waveguide, operation can exist below D/A .: 
With the presence of a dielectric slab in the fin-line and 
Slab loaded waveguide operation exists below D/d.: Therefore 
analysis below the cutoff frequency of empty waveguide is 


possible but a lower limit is set. When the value of \'/} 
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exceeds 6, indicating the approach of cutoff, computations 
terminate without printing values of \'/A and Za for the 
values of D/i for which A'/i > 6. 

At the high end of the dominant mode frequency range when 


A = a, the TE of the empty guide can propagate. Therefore 


20 
Peotcacement 1S printed when D/\ > D/fa. For a value of 
D/x 2a Way = 8), Surface waves propagate on the metal-backed 
dielectric slab and normal operation is no longer possible 
so the run is terminated for that value of D/). 

The total program length including all subroutines is 
48 K bytes of storage. The sample computer runs presented 
here with outputs shown in Tables III and IV took 4 and 5 


Minutes, respectively which includes compilation time of 


about 20 to 30 seconds. 
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IV. NUMERICAL RESULTS AND COMPARISONS 


To check the accuracy of the numerical results generated 
by the computer program, comparisons were made with data 
available in the literature for various fin-line sub-structures. 
These structures vary from ridged waveguide at one end to 


dielectric slab loaded waveguide at the other. 


A. RIDGED WAVEGUIDE 

As mentioned earlier, the fin-line structure shown in 
Figure 1 becomes ridged waveguide with zero thickness ridges 
when a 1 and W/b < 1 or when the dielectric substrate 
thickness D is reduced to zero. 

The design of ridged waveguide was first treated by Cohn 
[Ref. 20] and later by Hopfer [Ref. 21] and Lagerlof [Ref. 
22]. The wavelength and impedance of the ridged waveguide 


structure can be given by the following expressions 


A ee (46a) 
fp - (441172 
ee 
ae 
Z = (46b) 
: [1 - (4) 41°? 
Cc 


The cutoff wavelength do was obtained from the curves pre- 
sented in [Ref. 21] for several values of W/b. Using this 


information and equation (46a), the wavelength ratio A'/A was 


ay 





determined. These calculated values were then compared with 
the results using the spectral domain method of the computer 
program discussed in Section III. Figure 8 shows the two 
results with agreement to within 0.5% where the discrete 
points are from equation (46a). | 

A similar comparison of the impedance was performed using 
equation (46b) where Zo was obtained from curves found in 
[Ref. 22] and the numerical results of the program 'FIN-LINE! 
The results appear in Figure 9 where again very good agreement 


exists with a difference of only 23. 


B. DIELECTRIC SLAB-LOADED WAVEGUIDE 

A variation of the fin-line structure of Figure 1 where 
W/b = 1 and Pet l results ina dielectric slab loaded 
rectangular waveguide. This structure has been studied in 
considerable detail by Vartanian, et al., [Ref. 23]. In their 
work, the dielectric slab was centered in the waveguide and 
they presented an analytical expression for the (voltage) 
impedance, ay (using the notation of [23]) at the center of 
the slab. The impedance computed in this analysis was speci- 
fied at the edge of the dielectric slab. Therefore a relation- 
ship between the two impedances must be defined before any 


comparison can be made. The impedance at the edge of the slab 


can be easily defined by the expression 


nedge 


9 
Sa (47a) 


> * 2pv(- 
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Cher 


oie is the field at the edge of the slab and Be 


e 
where FE 
x 


is the field at the center of the slab. fThus, 


- 2,qc 
ae = Boe cos (S=) (47b) 


where the various quantities are defined in [22] as 


2 2 2 
Eee ie 7n')77 
te 
r 
Ss = c/2 
meme = ) is the dielectric slab thickness. The characteristic 


impedance of a slab loaded waveguide was computed using 
equation (47b) (where aay was obtained from Vartanian's 
curves) and the spectral domain method. The results of the 
computations are compared in Figure 10 where the discrete 
points are calculated from equation (47b). It can be seen 
that the results agree very closely. The difference is less 
than 1%. 

The wavelength of the slab loaded waveguide may be 
determined analytically by the transverse resonance proce- 
dure [Ref. 16] which is found by writing the field expressions 
for an exact solution of the problem, applying boundary condi- 
tions at the air-dielectric interfaces and thereby obtaining 
the determinantal equation for the structure. The wavelength 


ratio is found by determining the value of \'/iX which satisfies 
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the determinantal equation. Figure ll shows the variation 

of the wavelength ratio with dielectric thickness, D, for 
several values of E. obtained by the spectral domain method. 

The edge of the slab was placed at the mid-point of the broad 
wall of a WR(19) waveguide operating at 40 GHz. The dis- 

crete points are those values determined by the transverse 
resonance approach. Excellent agreement was obtained between 
the results of the two methods. The greatest difference between 


the different approaches was only 0.6%. 


fa oLOTLINE 

meew/D < 2 and ES mS Suttierentiy high for the fin-line 
structure of Figure 1, the presence of the shield will have 
little effect if the walls are sufficiently far removed from 
the slot. In this case the structure will behave like a slot- 
line. This behavior of fin-line is illustrated in Figure 12 
where the wavelength and characteristic impedance is plotted 
EOL = 20 and a slot width normalized to the dielectric 
thickness, W/D = 1. The discrete points represent the wave- 
length ({-]) and the impedance (®) of a slotline obtained 
from [Ref. 24] for the same parameters E. and W/D as the fin- 
line. Agreement between the fin-line and the slotline is 
within 1% for the wavelength and 5% for the impedance. The 
impedance curve for a ridged waveguide structure with the 


same fin separation is plotted for reference. 
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D. MEASUREMENTS 

Very little experimental data is available in the 
literature for any significant comparison. However,fin-line 
wavelength measurements have been presented by Meier [Ref. 1]. 
The guide wavelenoth in the millimeter fin-line structure was 
measured across the band of 26.5-40 GHz by a sliding short- 
circuit technique. The fin-line used a D = 10 mil substrate 
with a = 2.2. A WR(28) shield (a = .280", b = .140") was 
used along with a fin separation W/b = .128 (W = .018"). 
The results of this experimental work are plotted in Figure 
13. A computer run was made for a structure with the 
parameters reported by Meier and the results were compared 


with Meier's measured values. This comparison is illustrated 


in Figure 13 where an agreement to within 1% can be seen. 
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Vo FINSEINE DESIGNECURVES 


A problem exists with the preparation of design curves 
for structures like fin-line because of the number of inde- 
pendently variable parameters which describe the structure. 
This difficulty can be alleviated to some degree by practi- 
cal considerations. First, fin-lines are constructed with 
a shield that is compatible with the dimensions of standard 
rectangular waveguide for the millimeter wavebands. Above 
22 GHz, all the standard waveguide structures have aspect 
ratios, b/a = 0.5. Furthermore, the fins are normally 
printed on 5 mil thick Rogers Duroid 5880 dielectric substrates 
with rey 2.2. Design curves have been provided, which 
appear in Figures 14-17, for structures with parameters dis- 
cussed above for the 26.5 -40 GHz, 40-60 GHz, 60-90 GHz 
and the 90 -140 GHz waveguide bands. 

It can be seen from Figures 14-17 that even with fin 
separations of a few mils, low values of impedance are diffi- 
cult to achieve. In some applications lower impedances than 
those obtained here which are on the order of 125-150 ohms, 
are desirable. One method of accomplishing this objective 
would be to increase the dielectric constant. This can be 
seen by comparing Figure 12 for a W/D = 1 and Figure 15 
Meme b= .053. For this W = 5 mil slot, it is found that 
the impedance decreases from about 165 ohms to 90 ohms when 


the dielectric constant is increased from e.. = 242 20 i 20. 
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The disadvantage of this method is, of course, a reduction 
in the wavelength by a factor of 2.5 causing the already 
small circuit dimension to become even smaller. 

Another possible way of achieving a lower value of impe- 
dance may be in the relocation of the fins toward the side- 
walls of the guide. Figure 18 illustrates the wavelength 
and the characteristic impedance of a fin-line with the fins 
shifted midway between the center and the sidewall of a WR(19) 
waveguide. A comparison of Figures 18 and 15 indicates a 
2-4% change in the wavelength of the guide for W/b = 1 and 
less for smaller values of W/b. 

The values of the characteristic impedance for small 
values of W/b are relatively .unchanged since the fin-line 
structure behaves like slotline and the presence of the shield 
has little affect. For values of W/b > 0.5, noticeable 
decreases in the impedance have taken place. The most Signi- 
ficant decrease occurs for W/b = 1 where the impedance 
decreases from 500 ohms for the centered dielectric slab to 
about 275 ohms for the off-centered configuration. In this 
condition the structure is a slab loaded waveguide and since 
the low dielectric constant results in little change in the 
empty guide fields, the results are as expected based on the 
voltage impedance definition for the empty rectangular wave- 
guide. A point of interest is the impedance for W/b = l 
feabting below that for W/b = 0.5. This indicates that for 


the off-centered configuration, the impedance increases with 


83 





h/X 





40 


Figure 18. 


WR (19) 


200 


300 


250 


200 


PSO 


100 


45 20 29 60 
FREQUENCY (GHZ) 


Wavelength Ratio \'/\ and Characteristic 
Impedance Z vs. Frequency for Fin-line 
with WR(19)°Shield. Fins are Located 
Half Way between Side Wall and a Guide 
center 


84 


Z (82) 





W/b until a maximum is reached and then decreases until 

W/b = 1. Overall, the relocation of the fins toward one side 
of the waveguide appears not to have achieved the lowering 

of the impedance for small values of W/b as anticipated. 
Therefore, of the two methods discussed, increasing the 
dielectric constant accomplishes the lowering of the char- 
acteristic impedance desired; but as mentioned before, the 
circuit dimension shrinkage is unavoidably linked to this 


aetion. 
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Vie se CONCLUSZTONS 


A spectral domain technique for analysis of the dominant 
mode of fin-line has been presented. It has been shown that 
this efficient numerical method can be implemented compu- 
tationally to accurately calculate the dispersion character- 
istic and characteristic impedance as a function of frequency. 
A matrix formulation of the problem permitted the elements 
of the dyadic Green's function to be computed and circumvented 
the extensive algebraic manipulations associated with the 
formulation of the resulting equations. Numerical results 
obtained by using this method have been presented and compared 
with existing data for various structures. Excellent Boreas 
ment was obtained in all cases thus establishing accuracy of 
the method and the versatility of the computer program. 

Design curves for millimeter-wave fin-lines of practical 
interest were also included here. Both the centered and 
off-centered fin configurations were discussed and the off- 
centered fin location was shown to result in no significant 
impedance change for small values of W/b. 

In this thesis, particular interest was devoted to the 
analysis of fin-line. The method emploved, however, 1S com- 
pletely versatile since it is a general formulation of an 
inhomogeneous transmission media problem. Therefore, it can 
be clearly seen that by varying the parameters of the fin-line 


structure, it may exhibit the characteristics of ridged 
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waveguide, dielectric slab loaded waveguide, slotline, and 
conventional rectangular waveguide. All of these structures 


are fin-line substructures and as such are included in the 


approach presented. 
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APPENDIX A 
Derivation of Spectral Domain Matrices 
[Mz] and [M5] 
The continuity conditions given in equations (9) through 
(18) are transformed via (24) into the two dimensional 


Fourier domain which yields 
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where u = Wy = Un = Has 

The solutions to the two Helmholtz equations given by 
equations (26a)-(26f) are now substituted; the dependence 
of the coefficients A~ Eneeugn p? ona 1s understood and 
from here on is not shown explicitly. 


oa). e ie e 2 e_ : 
(k sinhy,h,)A —(ko,sinhy,D)B —(ko,coshy5D)C = 0 (A-3) 


call 
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This set of linear equations (A-3) through (A-12) may 
be written in matrix form, such that 
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where the 8 x 8 matrix is [Mx] of equation (29a), obtained 
maecombining {(A~3) through (A-10). 

Baescompanmation OL equations (A-3) through (A-8), (A-11) 
and (A-12) form the matrix equation (29b) repeated below in 


expanded form. 


M7 ™> ™3 0 0 0 0 0 A 0 
Meme 5g 8 | Mg MG 6MO7 CP Be 2 

0 0 ceaeme 7 0 0 0 0 CF 0 

0 0 ney ee tye 0 Mag pD-} = |o (A-14) 
0 0 0 0 0 0 Moo Meg ah 0 

0 Meo 0 Me 4 0 0 Meo Me 9 3 0 

0 0 0 0 me m3, m2. 0 ch i 

m3 m3 m3 M3 M36 m3 7 : Db J, 


ime Matrix elements of [M-] and [My] are normalized at 
this point with respect to D, the dielectric substrate 
thickness; but before describing them, the normalized con- 
stants used in these elements are presented. 


(y,D)* = (yD)? = (ap) 74 (2m) 7 E0474")? = 11 (D/A)? 


(y 5D) * 
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The normalized matrix elements are now presented in two 
forms. The first of the element equations is for (y,D)* 10 
and the second is for (y,D)* < 0. For the matrices [M_] 


and [Ml], the elements M4 through Me. are the same. 
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APPENDIX B 
Time Average Power Flow in the Spectral 
Domain of Fin-line 

The following expressions for the time average power flow 
in the three spatial regions are derived from equation (40). 
The solutions to Helmholtz's equations given in (26a) through 
(26f) are substituted in the transformed scalar potentials 
of (41). In the following derivations the dependence of the 
coefficients A~ through ne on the variable O 1s understood. 
Also to be noted is that Via ne Since regions lL and 3 are 


assumed air filled. 


Region 1 
Case la: (yD) 20, Yq real 
6° = A sinh y. (Dth,-y) 
i” heey 1% 
me h _ 
2 i A’ cosh y, (D+h, y) 
- . 
ay = “YA cosh y, (D+h, -y) 
204 h 
ay = ~Y,A Sinh y, (Dth, -y) 
The term Pls will be used for the power flow in region 1 for 


the case (yD) > 0. Substituting the Helmholtz equation 


solutions for region 1, (40) becomes 
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Carrying out the integration 
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D+h 
f ; cosh” (Dr heya = =+ [sinh (2 Rez y he | 
_ ol ey Ay, laa nal 


Equation (B-1l) becomes 


2 
= Bwe,a 
m= 1 lon,;,€)2 ee e,,h 
Ee ap Re a mel | -Bwh,y,/A | “+458 a A (A )* 


me. e h 
- jkyo (A )*A }{sinh(2y,h,) 2y,h,! 


2 
BwH yo 
+ [- poeta Ty, 
oT 


lay & 2 eae h 
| -Bwe,y,|A| =i) a AS (A a 


~ikpa,AN(A®) *] [sinh (2y)hy)+2y)hy 1) + (B=2) 
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Equation (B-2) is the final result for the power flow 
in region 1 when (yD) PU euucImg ({f—-2) in normalized 


forms produces the following result. 














Z 
0 (eben D) ac. D) e h 
iD JL n A ac Eee 
P, =- s(=) Re } {f \—=|“+(8D) (wu,D) (y,D) |=5| 
la 8°b aie (77D) m2 Mee | 2 
h See en | 
2 EU NCO aaae 2 Ve 
apc Di ee) teen (oD) —x | 
n D2 ZL 1 n D2 D2 
| hy h, (BD) (wu ,D) (a_D)* ah , 
= e Jae 
ue: 2 A™ (A°) 
+(8D) (we,D) (y,D) |=5|“-3 (BD) “(a_D)=5 
di 1 D2 n D2 p- 
h e,* h h 
+5 (k,D)*(a,p)4, A?) tsinn2 (yD) (BE) +2 (yD) (1) (B-3) 
D D 
Case lb: (yD) * < 0, yy] 1S imaginary in which case 
(y,"D)* = =(y,D)* 
oF = jJaA° sin 47 (DSP) 
o = ah cos yz" (D+h, -y) 
965 7 
iw -Jy,"A cos ¥,° (D+h,-y) 
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a> 
or 
eS 


= nah 


Yq sin y (D+h, ~y) 


Q 
Ket 


Substituting the values into equation (41), 


normalizing with respect to D results in 











integrating and 





Pi, = - gp) Re (oe ee tena 2 (30) (ang) (0) 2 
- (90)? (0,008 a") = (kD) ?(a,,0) Bp _ 
(26947) CB) nin yg") Cy et SOE Ona 
+ (50) (aeyD) (yy "B) [25]?# (50) 2(a,0)2y BD 
+ (6,0)? (2,9) A Bt 2¢y"D) (GE) #sin2 (yy "0) GBD (B-4) 


This is the final result for the power flow 
when (y,D)* < 0. 

A shorter version of the derivation will be 
remaining cases wherein the regional cases will 


and the final normalized result will be shown. 


mimeeat tO that done for case 1b. 


OS 


in region l 


used for the 
be described 


This will be 


_ 





Region, 2 


For region 2, the power flow expressions are the same as 
for unshielded slowline except that the Fourier integral is 
replaced by a summation and the interval 27 is replaced by 
the interval b. 


Case 2a: (y 5D) * SO 1s real 


ee 9) 


e _ e _, e 

>, = B- sinh YoY tC @cosh Yo¥ 
i, oT h 

>, = B “sinh YoY tere cosh Yo¥ 

36° 

= = [B= cosh + C° sinh ] 
h 

9? 


—— = y5(B" cosh YoY + ch Sinh YoY] 


Substituting into equation (41) and integrating followed by 


normalizing with respect to D produces the following. 
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2 (8D) (we2D) (a,D)* ,e 5 (8D) (wu 5D) (a,D)* ah 




















JB) B 2 
ee 2 BS 
2a 8'b nae (5D) a (¥5D) =a 
+(8D) (we P) (2) |= 5 (2 + (8D) (wu 5D) (yD) |5 SI? 
h, * les 
2 ECs CB.) aco. 2 
+}(8D)° (a_D) (= — a 4 - SS) 7-9 (KD) (a_D) 
n D7 D2 D2 D2 Zz, n 
(Be) - ch ph (c& z 
5000 spa) 2 ) ] 
D D D D 
2 
(2D) (ae aD lab) e 
: Cai 
* (sinh (2y 2D) -2y 2D) +1——-y I | 
(8D) (wuD) (a, mie 
SI ZAR Cane 120) Gefen) | i 
hex 26. =e ser 
(Brn) € (sa 
+ (8D) (wi 5D) (y 2°) |= 2 +3 (8D) Zea) ( a 
n Dp? D2 D7 D2 
h e, * e.* h 
: 2 B GG.) (B-) C 
-3(kK,D) ~(a_D) (—5 —>— + —~] [sinh(2y.D)+2y.,D] 
2 n D7 D7 D2 D2 2 2 
(aD) *+(y 5D) * Be (ce) * (Be) * ce 
+[(8D) (we,D) (——>——— ) (5 ooo Yt Oo 
2 (75D) a ae Cae 
ene oh hee oh * oh 
+ (8D) (wud) (294) (2 4S + BSS 
V9 De aD D D 
h e lel os 
| y: 57 Go, ene. | ? 
+#32(8D)  (a_D) (=_— mse HO) 9 2 (KD) (ae _D) 
n p* D2 D2 D2 2 n 
e,* oh e.* hh 
(Ao Se <5] [cosh(2y,D)-1]} (e553) 
D D D D 


This is the final result for the power flow in region 2 when 


(yD) * > Q. 
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Case 2b: (yD) * < “OF Y9 is imaginary in which case 


ha 2 
(Y 5 D) = (y5D) 
= e e e tt (= W 
i = 35 sin(y, y) +c cos (y, y) 
oe = jp" sin(y,"y) - ch cos (y,"y) 
36° 
me ls li crore "Vv = " oF sin i 
ay WS up bis) iS Y 
5 oh h 
mec Cs "RB Gos a woh Siny. 
ay JY95 5) ve ue) ‘o y 


The final result for region 2 when (yD) * < 0 after integration 


eimgemormalization follows. 
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2 




















2 2 
8 ‘b no (y5"D) 2 (¥5"D) 2 
e h 
+ (BD) (we 2D) (¥9"D) [yl “+ (8D) (wu 2D) (v2 "D) |S” 
h,* _h.* e 
2 B (ego AB) C 
ar (SB)! © (e) IB)) = —) 
n D2 D2 D2 D2 
“gene gl e, * 
2 (Emm cole (Co) ee ’ 
+(k,D) (aD) ae ae Ree) )]l2y, D sin(2y, D) ] 
> 
fe ice (3D) (wu 5D) (a, im) iS 2 
(y5"D) D2 (Y5 a) 
+(BD) (we 2P) (1 2"D) |=5 | “+ (8D) (wi 9D) (¥9"D) |p By 2 
h, * h.* h e,* e,* wh 
2 (Eunee eG 6B 1G) 2 Be Cumin). Cc 
+(8D) (a_D) ( SS )+(kK,D)~ (a_D) (-—>5 --——— -5) ] 
n Di ao 2 re eee oe 
a | (aD) *=(y,"D) 4 
> Las) D+sin(2y, oe 2 yD) 
Bae(Gn) 0 (B-) aCe bb) *- (v2"D)° 
SS ee =) + (8D) (wD) (Spy 
RPDS 2. 2 2: (y."D) 
B® (ch) * ¢ph)* ch 2 Be cpt)” c& (ch)* 
me mennmmmana) 005) 05D) (Sy 
D“ D D D D“ D D“ D 
e.* oh e.* —h 
+2 (Ke) * (aD) (“Sy = 5) | {1-c0s (2 "D) 1} (B-6) 


LEON, 





Region 3 


ease. sa: (yD) * OY 5 Jt Teste It 


e _ e ._. 
= D~ sinh ¥3 (hjty) 

|: a h 

>. = D cosh ¥3 (h,ty) 
Io° 
= = Y D© cosh vy, (h.+y) 
oy S i) ay 
205 h 
Sal = ¥3D sinh ¥3 (hyty) 


Substituting these expressions into (41), integrating and 


normalizing yields 











2 
o (8D) (we.D) (a_D)~  e h 
2D 3 n Di e2 Da) 2 
P,  =-3(=) Re ) {[ |—5| “+ (8D) (wu D) (y 4D) |=5| 
3a 8b ie cao) me 3 Se 
| 2 D- (ot) 2 De) 
#1 (8D) (a_D) => Res) ce) | 
n D2 D2 S n D2 D2 
2 
h h (oDM(ou.D) (a 2D) ah 
2 2 3 n Bi 2 
ey 8) |e) 
e e Jaye e 
Dit ix. 2 Die iDin) 
+(8D) (we 4D) (yD) |= | “+5 (8D) ~ (a_D) = 
5 3 D2 n D2 D2 
e,* A h h 
-3 (kD) * (ap) PL P51 [sinh2 (y 4D) (<4) +2(y 5D) (4) 1} 
D D 
(B= 7) 
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This is the final result for region 3 power flow for 














(y4D)* > 0. 
Case 3b: (74D) ° <0; Y3 is imaginary in which case 
nn 2 
e = _~€ . 1" 
$, = jD sin y, (hoty) 
h = h " 

?, = D cos Y3 (ho+y) 

30° 

= = TY "D= cos 7 (eae), 

ay 3 5 a 

90% , 

3y oa ae D xo Y3 (hoty) 

Substituting into equation (41), integrating from y = “h, 
to y = 0 and normalizing the result with respect to D produces 
eaeerollowing. 

a » (8D) (we,D) (a D)* pe , 
n=-© 3 D 
e en en ee 
+(@D) “(a D) >, OD + (kp) *(a py) 2) Oy 
D D D 
Z 
h h. (Ab) (ii. BD) (aD) h 
[2¢y4"D) (-sin2 (y,"D) (=) 1+ [——— 3 ||? 
3 D (ae D) Z 
3 D 
e Oe 
r cea») 
+(8D) (we 3D) (7, ay Ie is (8D) “(a BD) 5 5 
D D 
eat fh h h 
= 2 (oa 2 r Zee " Z = 
(kD) (aD) 52 ns D) (=>+sin2(y, DE) tt (B=8) 
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This is the final normalized expression for the power flow 

in region 3 under the (y 4D)? (wOmPcondition. Lt may be 

noted that a minus Sign appears in front of all the equations, 
this is because a wave traveling in the -z direction was 


assumed. 


WAG, 





APPENDIX C 


Computer Program 'FIN-LINE' 


e a 

e - wal 

e Li i ~ © 

e | QD © QO Pag 

® Oo —_ 2 ~ «<f 

rf ww |; 5D = A <{ 

e re Fr ZO a) am) uJ Tp) 

e OO VUORrk' nN WNW co Ce 7 J 

4 ACItu> — WN © > < 2D = 

% AtimwO I WN Wie Ph <{ UuUOcm <I 

e Odde=sz }- 2L <I eae CL = 

e We. ibe —_— xr<_ eye a as) 

® OwOoreO f OF " ele Whe 2 C9 

ri —_— TF Uw 2 amex Lu t eT ot iad 

e WOTZMNLYDO _¢ TC el es] wd Li. U _ 

a HNO Mo) tr co Fads <{ JC ‘ann 

° MN = w= WI <{ Ww f— Li! I 

e ~aInNDWNCeC tI Ww ~— po Lins) Te 

° —_— aoe oO ie or LL =aQ _ 

° eS KeN—=— -— FE <{ > cud oa a& 

° zm erwmm wv a i > <{ <1 sz < el " _— 
é qld el! OU O= m> CWO ~ are 
« reeHSeetT OF Fe ea) I a. hy pe <l<f 
e ee SS Mt} ae =) Gas Umut << —! _. <ea=z 
° aoe CQWaeTs fz oO. e< Oe kr zee 
° Ww WO Or 2) = & <I < = (o Auni ae) 
» Qurli emer wu: =) =O <{ uU COU IL 
° zee <DrFO ane aVY) a] eS Cr te 

4 Weg WrROMT NSZZ LK <M Ow IL om) 00 
e LAAN UTWOM WwW OC OO ww =< DOS mM OF 
o MHHHHHH WeSeZO> WW We UL We Css IO Sie Poa “OO 
eo + % x+#+# OANeK't <tL't OWN Om~z Lit ef I~ CO Orta 
e +k us ## noatoOorsowz DHhz OO Ko OOO>ULns mm et 
o HH 2 #F#KE Y}YDEUID I Fk W Ne Lim OCA e YW Www 
o tt # — 3H tt eS Vg Pao] oy aan rma Se S WZ af AW? J i UU; <_ 

oo + + — + + a OFzz2WwWezZz FO, BD ULE WU GNK<Q NH 3 rea 
eo + I H# ICO re=OOG UIC C_ Orville thio @~Z = Cec 
eo *#* W *+*# De << A eOO VY SOOr2]0WY) <I m= >- QL 
eo +H 2S €#H% Ce etowowDdezwK«*oI =f Sa UW — ) Jj ee om) Or 

© HH = HH Wk eH LH NUL COO HtOwwWWw sede oO tt oe ce ee 
eo +H Wh HH COLRK Re SO OW Re ZO LDOOr>p>rP Ce aA LIyhyOOO 
eo K+ RH UWOMW GQADWZtog es SC WNW Weaz]|!) us Tears Ar 
eo xX KX a maeqonodWwu D> 2DuD toe RFrFODTUZDeS eel aoe 

eo HHHHKHKEHKH QWOeGOIUTAOSFrO KF UOCOADUFF ZZZre- OU i ii 
e HW O>pmom Ae Lf Zu COMMU Uw-eEO CO Y= 

s ONOFRFrO @— SCOWYW 2 ROWS Re Ao fe wSe eet 
° ty DOZOBVieZe OO OCOuDdD K~OOUWWYED Mm ce me MN 
3° OCA erie YO Mw & at onl f— tL Ub ub ALIN { Ut 

’ me BwrOwaauyor wv QOocoddteOQOuUuuUUTCade - KO ee © 
° >ZOdaZeraq NAD [] WP SPUIWe meet mre ft HO wo 
. OCOttoudZzayY. CNN 2eNNOQOCON 2uw OC weoore 
é uc CAwWiDuU dt OQ a mt LL ee ze HL OCS 
’ AWW LIIONnLNnOrF AHI Se UU ie Oe OE 

° ZzlwowZwDe ee HH lefewedqOCOodeW<_at > 

a =Or-FL ee UWidik- BDessreaozs= Wierawrw Aa 

® Im CORNERO we IO mOMTO © e ot CrOdt ZS ee 

e Ce YM OOWWOW SrOOZZwOoCtOOOdtOZZI ee O 

e OqWwiOowlelWOesSs wa Ot 2ZeeaAZeaZzSeZ es Saeiew fad 

. OCeC2ZANYLIYTIN HO Oo < 

® SDoaaD~s FDewu) 4 bot at -1 F Geet ee ie ee 

e OOF FE mWOdTee OF ex 

® RHO efZuagd u => =) WO — if 

r WuLDDia a ‘oe Pld a al ri Zz ZO» </) 

° ma OM a aeaNANT IO cies ie co 

e LOe Nee SCS TOCILT GDHoOugusItnOOCdFzaAaamo w es 

® PONY Ore tr = FPOMOOOWLT Dee KH ISSZEN OY 

@ 

e 

e 

e 

@ 


a 


ee 





CAROS 


LUE DATA 
LOWED. 


oo 


EPSR (F10-6 FORMAT) 
I 
9 
iy 


- 40; 

S_ THE 

LOW 
CAR 


1 
T 
Q 
it 


COL. 
p 
H 
C 


SECONG CARD 


VO OVUVO YO OOOO OOOO O00 OUUCUOQOU OOOO OLCOE OOOO OOOU UO 


© 

Pr 

<{ 

a 

Ww 
Or 
gee) 
Jo 

az 
z<C ro 
Ce) 
— Ta 
UU! 
<M << 
= mm <[ <f 
DO FERS 
Oar <_{<f 
= z=—— 
OY Cee Ee 
UOFK- OOdaa 

Z2WUUL SS 
CL mi) ame a 


OMimo0ogdo 
Wate elLiL 
HOO 
ML aAtieste 
10°C 2 LL LL by 
= Ub! wee weer ee 

i CraeLe 

<b! Zeit 

> Or Os O 
=WwstOrre 

= Jc 

IZ 

m=  C/} 04 ef 

Re it-OO 

me Tami! 

aru 

— =I il 
WLW oe ee 

DUO eet 

ce re tiqin 

m— LL 2” 

<Ier-: © © © «6 

eo, Joe! 

Hus COCO 

Oz OOOo® 


Or 


THRID CARD 


MOC 
Para re 
<I = 
JO J 
aoFQ 


OOO 
Mur 


Mee 
Neos 


© © e@ 
8 oe | 
Gee 
a CT 


OUTPUT 


HE VARIOUS 
Oe EPL 
OGRAM) 


Sek 
TION 
PR 


REQUIRED SUBROUTINES 


pez 


TDUIW 
N>~— 


48K 


COMPUTER SPACE REQUIRED 


IBM/SYST&EM 360 


EQUIPMERT CCNFIGURATICN 


FORTRAN 


LANGUAGE 


UNTTED STATES NAVY 


Be. KNORR 
ATE SCHOOL, MONTEREY, CALIFORNIA 


SHAYDA, 


T PM. 
DRe Je 
TGRADU 


a 670. 


Y 
a 
5 


nao 
ee ei 
Ce =) 
Usiy<( cc 
=WM>W 
= e<f OO 
<qPez= 
moe iW 
COM) ef 
Tawa 
CD elu 
aAWNDwWM 


(A-HyK-Z) 
D,AB,HD1L,HD2Z2,EPSR,TWOPIT ,AN gWD,S1,I1X 


ee 
S 


ro UW 





Tes 
NOD 
NO 6 
CMS 
COO 
Wv40 
eco. 
TOO 
mn] c& 
ee 8 


MOD sete 


ee) 


J 


ITE(6.2000) 
REAC IN TRE DIMENSTONS OF 


PJ 
TWOP 
PIS 
JD 
JG 
JH 
wR 


THE SHIELDED STRUCTURE 


OOO 


ce 
cw - 
Oo 2 
QO. Us —_ 
LL o~ 

eQ] —m 
MOG ao 
er a WAI 
ce AO 
ee us 
=) — 
ort i + 
ref & 
-Oqt Cre 
GMO nO 
Om meZT e 


eteeda iH Hon 
eo © 
Lv~ tN 
wer LL ee 
Or OQ 
{rif 
buco Ly 
CZ 


KDA 


J 
Ha 
QQ 


. 


STEP SIZE ANO INDEIAL VAGUS 


READ IN NUMBERS OF ITERATIONS, 


OOO 


eS ae 

hd ‘oy 

= © 

a os) 

Ee} wr 

al Oo O 

() ~~ ++ 

Fas, Li. ~ 

al © “Gy 

D = f- 

= cr C 

* =o. fe 

eh Ge) 

6 ~ CG a 

= _— <> ® 

— 

ea) e e -_ +> 

x ak r=} 

& e e CwT + 

eo (oS) Dera] Sia S| 5 WY) e #+W” 

J Z © 2WFD UO CGO ete OF —a 

© on A on OS © ale a OO Wu 

© OO ee Sworc KH 1x¥ NSN CGC 
Sea os oe) Cea —) eC a wa tf 
qcOKr OS QO aUdOGcOX KO +O eae 
OmMMOMOoi Fs AOIsZnm~ DD 2 —t Or oc 
— Foo mbt Octet +m ©¥OYrOCW 
Cnet ed Net emi a J KOen~xNeaisn 
AADOMQOHRDOOYO eLDtigTyOOoOsIOwpP e 
NnO=z=SSEU CSTPODOVY * HOOSOONDNCUISw~ee 
IO > eUlWUO ee e 
Une eget Hanlin an 

- tjoar e OO WwW 
COU’ © eNHd® e* @ © 
Ow UO O&O Soa O Jt1 O 
MO 2 A SWOM OC =F OOO 

Ie ~~ ee ww wORANO 
OWOOOODOMILLILOSIILUL KWL DUI uioOa 
Or sSssSssOos SOSH HOOrM ee SSS EI 

(NW QO 


ees 


JTERATICN LQNP FOR THE DISPERSION CHARACTERISTIC 


Warr 


1,69 


ll IA 


DO 





© 

w\ 

ce 

© 

oo. 

ne at 

© 
a —~ 
N e N 
~U © 
om @ i 
co Ne em 
~ wad oad a 
a °@ 0 
o. ih e = a P-L: 
—J¢) @ +2 J = 
aI © aA } oO SH We Ce 
Om oF) Ww ORwAn~ e Ow 
AOO aA WOES = 


CONAN NI eA! NINH A 
® eet 0.0 OH eg erOX A Oo- 


) 


COAONSDHO Ale JRO A Qd-+O 


an e OO a = ee 
yuu NUH N= yo i HONnWwOoOUQ I 

-~ w> ~ ~~ NN WOW 

> oz oOo = = ee 


> <r N @® 2 OO seOQO 
YQ MEAN < ANE ak ke SS 


Oo AN m™ FTO Ov 
a ce a AN OM 


WB DL 
DOLL 
HDA 
DA 


015) 
009) 
1 
010) 
20) 
3015) 


NONDOD WO O 
Qwow ow oO 
RRR FE 


ASDUALOAAOAUIDUAOCAMOULYOOYCOCOOCOCADOeLITG 
S) oad) mt mt) od) I Od ot dO Ot IO I OD te 9D FOO SMO 


COMPUTATION OF CHARACTERISTIC IMPEDANCE 


er 

SJ 

@ 

onl 

ae 

Cod 

= 

— < J 
m OC: 

fae ~N © 

a WM 
x<H Cs 
—Ow i> 
At) * 


Oo mx jOMnO 
“OO ex{t @ Oe 
ANOAOAOO 

e ™N 


9 


Huan HUN 
pee 


® 

am) 

= OO 

—2. > 
ax IGOO 
Vries JO > N 


WRITE (6 


© 
uy 


ij o 
Ke OX 
<I OO m 
Oo fF - o ro » o 
Wt # | OM MOM f@& aa) 
Mn~e *§ © MM F - - 
oo“ € MO fF - oJ ~ * . 
WsxtL + F - « ~m “N NO OW 
 ~ + fess oo Ct) & Co e 
Ue aS ry = = = try 
1m |] il - ~- ul pee 
el & uO. 
Ora a N~ - Y = iH ] 
TG es ee a | - YW ut Ww CQ 
sate = = WF Dew Fe ~~ 
wze rf Ww ON wer 2 a 
——O OO fC - - CO tet LT 
Onur +t DOD D> KX SPwWO 2 e- 
—F oF oF OW FG et oe 
<_qIe= o * © UW (om- Ges + 
ef SF ODO Pp WW OZOMO + 
zm e eo ft et Wetgy CO FE 
or~ &- F FSF D =zauvy o 
se LA re Wie Ut a 
Ly me ~ QO WO rillw eT ° 
zeeene WW D fr CrFrF WT 
— i ll ey Gy Ge €)-& Li 
Joi oo =e tf F&F ESF TuUe o@ 
e~ UN DUOC NN HKD LOM ee 
eaten) CD wl = O¢wt eli= 
© ee = Lui lr—WiOow~ OF>}mNno™n 
me er ee > Me OND OUN™N 
NADP f+ ff COs © Dax OD & 
NIM MO FS wd eD WM OWWe re 
m- ete WAOUWUIM FD ® 
O Sate - 2 WS e-<l Til eet 
ee WSM MM C€ CQu> ane WwInWw 
SS ’ ee 2 me OIMW SUA KYrOYNS & 
et _q€@OO O D Aan DSW eS OudOe 
“www LO FS Oilie Lu: — II 
N -OQO @« ee 2 AYO AL YW 
- ji wJ? moe CMe uierWwi<etcoCONWR sc Y) 
<M FwWwie ll FOYICOS>SUuLANOO wa 
OO OCOFmMMmn wo wtoa aev~ty~ rwseui 
e w@tCNZN Werle RODE uUIL DORre 
a YNSTS eC ANGMZN FOCOKO oe 
—- = e Oe me | j= te om e Ne WN 
N eT ee ene oD oY OS ol oe oO of 


Nk et eH NNN HOORFOWO BE 
Nea xn H+ OZSMOXKOUINEIN DAS et & 
SEGRE FPWR ORR REE 
O@® oe © © wot #6 fT & eM «& ect oO * 0 
Lhe nNO eG OUOCD Ge Oe OW WL 
LW Nee Oe Yo tle eD>e We ee ee oo © 
ND Dw we ee pm we Le) me ee fe wer Le CN ee Se Le 
ZZZEEEF th PE NEREFOFRFEMEMEOFE II 
eel eicfe (ede (qo <dedece <O 
nod aed goal a> > ee | oe Pe a a a i 
ZZzZzaertKtdve CWOeCVNe Kee wOMe Le LMC NA 
OOGOOCTONONOVCWOMNOLO OC oOmMmOoOrtaZ 
OUOUOWWLWiUWe We bee We We ie Le Lelie 


6) 
6, 


QOOOMAAOS 1 OrFt N OO WW OO et 
MOOOOOQ0CO fF FH CO FCO ODO Ft Ft N CO 
ANMOOOO Ooo oOo0OoUlceoOllCOOUCONCUNN 

saeaqHvu NN OOM MOM OM HM OM DH 


bales 


FUNCTION CALC(LLP) 


puso OF DISPERSION CHARACTERISTIC 


A 
C 


22 Fa 


OOUO 


>< 
Wee 
ELI? ged 
(aD pa ae Ue 
eC) o 
WW eG 
U's 
MT e 
eUOO 
ALUIM e& 
wwe <I Tp 
<x «CO 


AOM= 


Ww ext QO 


— 


© (oa 
<{ mY) 
~ “oO 
— m= LL 
a 
O | t 
~ = 
VY b= MWY 
© WV? od -_ a —) 
. C&G) a a Pe 
eles —_ ~~ 
oF =) a | ~ + # 
Oo * - oayee 
> II <I << 
OaQ eA Bf aaa 
~~ IH +O. eter ew) 


<= WwW w<f am) CO 
AKO wOxM | HHH 


RO eDOQAAOKKE SRS NOOCAs 
2ewOF *SIS OOO °O eZtzZZza 
met © OO) dhe ef ef Yar ODT <tc 


=OWw iN 
= Onweewuervownnurund 
4 OK = 
OW = MY 
mtd © WWI © NOOO 
Ad 2k YY) Ooo NOAIN TY 
oz SW A ANMO OoaLz == 


=Q OOMDIOVOLCOZZZZAdat 
mm) OU0A JOYYYOHaqaaqouo 


116 


CLEARS ME AND MJ ARRAYS 


COO 
ee 
OO 
~ 
OO 
® @ 
wa- OCS 
OO ww 
eH © 
Modi} i gt 
bet J] m= DD 
G7 ww lRsc4 
OP oo hnt poy 
4 14 pp 
COOUMOMD 
OOzzOWO 


eiN 


IF GAMMA1#*2 IS LESS THAN ZERO TRIGONOMETRIC FUNCTIONS APPLY 
80. 


GAMMA1*%*2 GREATER THAN ZERO 


© 
e.6hU 
oo 
md mom 
Pe 
—_—— 
mM 
i Gia a 
mm H It 
amy) 
oesec 
Tro 
=ZOSs 
{<i Y <I 
OU ww 
we wee OS OK 
ae oe | 
ZWMAaAaQ 
sO = 
MOUYO 


Wow 
SER Ry 
= 

ast oe & 

ma Spm NJ 
m+ (_) et wor 

WMC) LEI LI 

oe oe a 


TS LESS THAN ZERO TRIGONOMETRIC FUNCTIONS APPLY 


= 
a Ta) 
— © 
a O 
_ ae 
WY om tt om 
BE SE} 
+ emt © 
O O=zO ) 
one <I eo Se © 
= mt CD ve coe ce 
<{— Yk o_ Wi 
Col @) OaAaQ yoN 
% 0 Wa CO 
Oo LW -e © 2 
 * t+ SH mA] <I 
x fle) M1W OWN = a a 
~O O *2 Cad kF 
Oa —+OO NC 
em C) em om SF ‘ea 
Oct mnmnm ee Y¥ Oct Od WW 
oueee Se? (T) eed LO) peg te? Neer ee ei) e a 
MM em OrKM CDMS Ow <a 
aS NN ero WwW 
QAO www fo NN rae 
=FSWWWi Ss ee + Ade OO 
OOQZAZAZADZOUOYN # eNO 
“N WY en 
renunwenewnne < Ange * 
BR Ae, ERD pe ED ay a > ™ J + 
LOY OS) fh ee OV ILE IL ae = = WN 
eft eet eee e& <I LO <I 
SPOR Or OD © ONG =| 
ee de ws 
WIL WWW DL LOK 
SSSVESSSETS HY HOM OO 
2 
= 
WOW WOO 


AN 
~— Ya 
AIAN C= 
U9 aa UW 
OodO0OUW) Ht + 
®#ee eTT — — a al 
Oo0O0 + + = ee NIN 
eee eQO WN WN => 
NQAINNAN SES <{ <I 
<_YZnns==z et << cooc® 
—CmOdaermQD 0 t *& 
NMIMNOOQOO* * eC 
ago oe 8O’ © NA 
K*¥HHHKHOOOD GN LU Lu 
MMMM DD es UW x << 
mmOOOOS2=W | x | 
OOanNc@d e ef oe & - @ 
NALOUOZZOONO OO OO 
e 


==2¥Yre«r<tf ¢ eH) « ee 

“ali ?ys; 1 oortr~o-o--.00—— 
CD ee er ee er ee Se eer See (Teer NY 0) wee eer OS HT) 
ot wee KOK OKO OOK OO wwe OK Ow 
LT IJ tet SING 
ZNMAAAAAAAO wf) ww A 0 ~~ 
QOD DTADPTSASZTWTEWWSsSjww 
MUOUOYUOQOUOO ZOZZOVZz=z 


1 | 


Ry IED Pe, Ry A SN ci LIER) Ty, A TR, Oy A A ey 
OI AL OB 0H) OM AN OP AI OO 
NN e ew ew ® wm we we MR hr Rm wee Owe Ce & 


HD AAQYANNAYYSUOM EHO DOGO 


Derr ee er eer eae Seat See et Seat Set ee et ae Se Seed Se? 
MAO) WU WW Od Us Og 9 9 DD 
pa age Sa i Se i Se 


ele 


FUNCTIONS APPLY 


TF GAMMA3*¥*2 IS LESS THAN ZERO TRIGONOMETRIC 


OOU 


80. 


GAMMA3¥#2 GREATER THAN ZERO 





am, 


nm 
< 


amt om, “Tome 


COS3) 


OOMO # © 
e et eO 0 
Oct OMO 
ee es + 
MIMO Mel ry 
ZZ=NOWM 


pr es<l OH © 
ONO QOUO 
LF, LOT 
HHORX WH 
MMOIMN SW 
CQOOzO!a 
(ANCE ew «D&D 
OZOW0OZ 
Mot ey ecf 
;ro rot 
faye? See ey eee? wee 
>< OOK OK OK OK 
ed el aed ond od 
QaAo0004q0008 
= ee 
WDQOOQOOO 


| | 
A Rp, Ry apy, Ay pam! 
PPo Ow wo 

eee e @© &(C) 
MFTUVOQOE 
we? See wey ee we 

LLthapi tires) 
> ie > > > ae 6) 


GAMMA1#%2 LESS THAN ZERO 


OVO 


= © 

rd ® 

a, © 

= - 

WY = 

mt iO One 

Pr oe eC) e 
©Ooc OuU® 
— a ot & 
NY <t sO ms 
*#HO™— zuma 
mm NH CO NAW 
sSHOOO e O=zO 
—OO ODO Od WO 
Ae LO. © e* OF 
CH H Yer twn Wit VY 
AOD & & «GH COO 
=a OOOM wt ed CO 
CIAQee em DUB pat 


OF Zz=OOODKa—emaeY Sc 
PE Tr nn ee we (0) ee LD) nd ee ee we 
w (DOD KOK OK me oe KO 
bm ee we wed IS ON ON et 2 LJ) 
YZWAO. OO O wee we we er Oo. 0 0. 
Ce QSSD=@WWWwse sz 
MNMQOOUOZz2ZZDZDOOWY 


| | | 
ey TR Ey epg AE AiR) HY FR BD CT oD amd 
OC LEY OF) Re ed LY RSL IY 
a aa CRP fF Fe © © & & ew &() 
QAWSAANNPOMES OPE ODE 
DY) wee wy Se ee at Ne wag ee Set eee at 
Tee CO WW UWI LLU LW LW Ls 9 MO 
ONMNVUSZTA2L2EA2A22 E220 


™ 
od 


GAMMA2¥**2 LESS THAN ZERO 


abs 


ON On 

oz om 

Od Oc 

Te leant 

me ome om ome (\} /) = NW 

NONOLE © =—* 

za tc OWMOo =— e WMO 

WOOWOOON SO OO On 

— ert &( 0. @ o Od 

ANMNEE CO O 5: ae 

%# ZH ZO = Oo) OC <r 

MUMMNNAO=O & COD 

QOOOAKON = O + 

NOC OZOQO A <a =O 

— Wt ZX ADOZ OO IN 

—Y YWNAAWMOS eT Oi 

OMmm1O1 CHING OC %= 

NOOO oN «DO 0eOFX SN Ce 

=NNOUOZVDONOA wW NO 

AAQ eY exl SF eOooD = Lit e@ 
OFEDSoOoOl;otlt rors | —ens0O-—— 


wee 9 9) KE OK OKO OKO OK OK OK wm OOK OK OO wm 
ww ww J I I I LJ I LI It St LIN 
CZMAGDAAAAAAA www 6 ww 
Ca OTADSDRADAAWAWWS Siwy 
MMOQVQVVOOCUOVQO2Z0O0FZZOULZ= 


UueUevedreeH hasan wn he 
Ey ly RY Oy Ry ay OM Ey Ey ey, ER ™® oy ty om ee 
Oo NON OM MO OM ALOM AIO Or 
NINA © &© ewe ew ewe an Fe F&O & Ff ew & & YC) 
AZZAANNANSH FINO DO OOr- 
DY) ww wee ee wee Ne ee 0 wy te Se Sage ee ee Se Se we 
Tre CE LW Ly WU LL Le ey Sm MO 
OMUZDRDEBDSAABDAASZAZDZAZO 





GAMMA3**2 LESS THAN ZERO 


© 


* 
ame OS) me (Ome 
THM#HOZO 
ZzZQ eM oe 
Oonocoe 
—r1Q ef) & 
MMZMH OM 
##aIZzoz 
NNIWMNYN 

mm QOK OAD 
NNMOCOUOZ O 
-“COCOCLD*t a 
MLLyaAsNOM 
Oxx 1 § | Q*FO 
MOOD e & enomd 
=ZMMOCOOM]!Z 
TA A e © efWidcl 
Oe -. OO°O] = +t 
}< ee 
wer 9 9 OK OK OK OK OK OK 
Po ww we LL} 2 I) I Td 
xZcg@aadaankatk one 
Oem OTZaTZw ee 
MMOOOUOUOUD ete If 
toi — 
nen net en eet 
QO PPooy?@® eat 
MOM & © ew & & eete <l ei 
WAST TOQONN SRE 
SOY) wee re wees wa mee we Ze 
TOW WMwUUW OO DRDO 
ONQLSLzEZAZOODOZlVY 


on 
AN 


IGN3) 


E(TA,JSA) 


yY Te) 
~ ~ 


I 
547) + MSCT7 6) ¥ME(Og7) + MS0T)7)*®ME CT) T7) 


= 
CY e 
Li “J 
-— ~ 
Ww _ 
Q= Lh. 
os Ld 
~< = a eae = es 
pt SsOonNUere 
ia & Ow Owns UL 
— 7") LL R<t He ty 
<{ = 2s. CoG) «2 
=. Lit —JOmbr ZO 
ZS—mOn CDS ete 
WJ ew 2Ox_KW+ 
Pa za *OSzKaowoO 
=Mm<l#t Ow HUW ILL 
tL OwwS CO ems UU Ul O 
OC eZmmZOorm eaet—=OD OC e 
ODOwnrSa Td May) OO ee 
= a z e ® 
© rn neon ahwa # ON 
= = e id tu OD ™N 
VY) =O = e “ee 
ac cw ZOHO we COW} 
ay er buy IZ mL be OD Zk 
=> mom ed Se Ewe th es Lh © I 
= ZOW tT eeu nxLouCcoawxo 
= ITN eI Om OO KW 
gy © foal 
OJ vw TX 
WOW 


iin 


CHARACTERISTIC IMPEDANCE 


iia 


COMPUTATION OF 


OoqgoodeS 
Oe fe Man 
aaad<aaa 
OK OK OK OK OK OK 
WU LLL WW 
KRHHEHHEHK *K 
LEhheRR 
rr A, ef & & & 
mA OST VO 
wer’ wage “eet See egy “ee? eg 
LOS LO Ly tL 
> i> a > i> > a 


WL tis a or 
ToOUAa TOY) 


LOC 





CO me om ome OO) oon 
MO eOM@ 
Imo elms 
Wi} eOu! } 
eLuco - ei 
UN eM)COU e 
eel J eae @& 
ee OL © e 
OOW eOO 
ww wee | LD wer wee 
> SS we eer DS OK 
a XK OX WL) I 
om ogee ee ree s 
=20a0Asc2 
WOSZSOw) 
hmOoiil tl 
aoe i) Hl  T 
IetwWwaa 
Oa 
~——™ = ty 
f= [& amo fe fh 
TMA hf FAT) 
rE 4 
Lt fy UW 
LS UV LU LL ILA LN 
@ @eLVu\N © e 
OO * «OO 
e OO ¢ e 
bh © ob 
ad df —}— .) 5 
eee e 
in Me © Foo 
cCie-—ITT 
qIgTWwcga 
NY) were UY) 
DAaAMMDcad 
aqnoodca 
OVA UO 
e eu e e 
OO ee sO 
Sw 2z2zCcOoaZ 
zZ2FPaodazazac 
IO e eci<{ e@ @ 
KeHOO 0 (OO 
us e 7DOD ¢ mm nen noe 
%#OOCO e OOWWWUTTTL 
=r © 000 0° eet MuOoOartoad OO mN 
[OO ee re re ee we OOO wr Oe NU LU 
FO YORE SHOUOCOUOOOUNIUITIKDWUWIOsSS 
COW 0 elit © eM MBM INI—MAIDOUDOAISSSQOKKHWM 
— mom 6 Ome Pe Ze LOH HKHHHEOAKEHHOOO 
WerTTre—TOIQOVOOCVCOWWWTETZOOODO DD 
ZATDTVYwOOQONI OOO OUT OOD VOAMaAas SLY 
@ wees eet () CS) wee ee 


(af 


0.051.0) 


ROO Oe—mrn OOH UNH HEU Pantene nbn nae 
ti<t <j J j<{ <{ 
| > =< C= oe 
CO) et at LL LL Pmt pee _ 
mei acrid AQIS NNWN 


wee ed ea es eee (DIO QD INN NN YH SsEBENMOOO 
TUL ULL LIL IL Whi Cow ro DWwWOAENM 
Oreste eT OOdOVOT{ oun UOx<xOoaacrvyyY 


wT 


© 
Ho 


120 


TRIGONOMETRIC FUNCTIONS APPLY 


IF GAMMA1**2 TS LESS THAN ZERO, 


OOO 


© 

© 0 od = 
MN o2= 
od 
© oh de. 

-— " 
K + 

© = 
cS to 
CO <{ m4 1 
wm TOst= 
oO t+ <ctI<_ 
© poe (LOD 
OOd © ww «aw 
aOOoOTrr 
rs FOKS 
——Jt<I © QIK 
CONE MWY 

Y) WO 
oun ett tt 

= = 

= ae 

<< <{ 
OO etQtet 
dan? ed ee 
LO <0 LL ey 


TRIGONOMETRIC FUNCTIONS APPLY 


IF GAMMNA2**2 TS LESS THAN ZERO, 


© 
N enn 
N oO® =. 
mu<d 
© ™~ OD 
= i— 
WY 1 
WW Quan 
©) =O-— 
ON 
© N + <f 
ee NO O 
Oooo «Nw 
°NO#+ COOL 
eS HENOLC SK 
w—w<l @C) ect w+ 
CONGR GN 
VY) (Go) 
Cou eu en 
N ™ 
= = 
<< avy) 
OO NMOON 
wN SA wr eS 
LOtOwZe 
MOVOTO 
© 
— 
aad 





NN 
Ao 
=) 
WW 


TRIGONOMETRIC FUNCTIONS APPLY 


- 
e 
a4 
Lu 
NN © 
2 ey _ 
=a wan (S| a we QO — 
< Ot D asf) 
= © Coto ~~ O<to 
bt i! YW) LEN 
1+ “ur eLOTWN 
Ym OO aa) <TH UL <1 
WwW O NS H+ <IUus<{ # <f 
Lu O<clI mm OH <IHt OK 
a =~ TOt=: ws OAAKOO 
oO #+ <d<_ 222 2. © 
mM §* MRO 2 LOZAIAO 
—- OOO ewes O HHEKLH HH 
eMOOLrrC = OOXNOO 
N FPAHOSZSZ O FBMNOSZOOQ 
S$ sel © Ome LU WWD HDS eH 
av PONE UWY ff DaaYyYomaa 
mA WY a>) 
Iaqun enw 2 WH WW ot 
= Oo m oma] 
— ae 
qI<q << aa 
Oo UO MOMM us 
~W~OUSwS2Q FF QAOYQOQUWeYS 
U WwOt Re CC eee eS sie 
ms MOOmYIYDG A AAAANRAOAAGA 
© © 
N m 
=| — 
WOO WOW 


POWER IN REGION 2 


N N 

On ON 
WO OO 
~OS oc 
ys OWCWMNNS 


wi) = Lok OWMY 

GBIOUINOHCKHOLWY 
*#OOLTH#OWTKECOL 
At KHKOWTOOW € # O 
CONF LOH H OCWWH 
AOON# €FOOZOCN 


IZOOOO2ZZa 200 
HCIHOZSAAH AKO 
CHxOKH ATKLHHOHOX 


COLL i 
Woz oO fe) 
Or Doras 
HWOFt DOW} 
WUIH CH HW 
(o@ Ve Om man wa CBE ae 
tt CMOUtF 
A” H HH HO 
HOAnneoz 
OCeaeo2z 2a a 
azOOdet 
IelovZzrttewn 
HH <I TNnO 
MOH #QOON 


ZFOBZOH HNN SOZPOOACATSTOOOOm~ 
NENENMOONSNAWUILLLAIN SSK HH 
WDOWUIDOONAUDUWDOINANANNWiWDD 8 ee 
NMNMOOnMDDOarYONOMODMDAAAADODODWAANN 


100 0 tt 


Todo 


qoaoctoatvdacd 


IMNOOWWLLOTSQYYyIdde22 22000 
NNAUNNANNNNNNNNANANN AIAN 
aaagaaaaaagaadaaddaoaadadad 


er 


2 *K2DS *AND*BEC *BH 


POWER IN REGION 32 


P2PB 


OU O 


GI 
_ a = 
_ Oo —= = 
as <q oO mm sr 
_ Yr * a. WY 
VY) N — ix cO % 
+ a «XK WN+# ~ = 
LU Iwlt =m ol eS 
~ Ll WES | 
a Ne NG moma tf) al 
oO ana am ~— 
+ > N n ' 
iN+o + eS 
_ fa = OD) ) 
= mo <<} OL rd 
—_ Li = = ©) -_ aA 
WY NB ATI oe th 
% AaraAa WY ° } 
CO rm N~wN #1 - 
re O. -#+a a @® ap) < 
Oe ad trac) ° nd 
wi) <{+ | am ae a. 
. wa ~~ OL = — 
-m WTAD est e 
<x aneD + @ + 
att wo NA + Pa 
=o #aA WU <I = 
mH +e LL or) ° Leo 
VY) =~ x< + ez ‘vy ._<-gau 
*#A OOX Sane! O +r 
-_ CIN mI WY } om (/) 
<x! aadogd m* Lu on 
+f wat ond CNS CO. =m e om 
DOHD +0 ~—RWNS <f a U/) med 
-X Mm eed td OL. ed (_) at oO ~ - + Oo 
a) Zz) Ow NN $e Wh = wal LL 
oS Oe © Oats om | MN <a ee mt + 
“N ZHN rei ee aor ~ ao A-— oO. 
i Om +) IZ QO et = LSA “> 
Or # WOW COU FANNO€MMOT Ww Pen +> = 
%# OWO # EO CetmsOommwoad adca Sa enn oO 
Mt Ox WH Aa Nx (T\~—w UL Nim a 
OmMk OOM man aorta eee I OL COMIC =+ 
aS | © © Om aIH+ittke N ~ 
qOozaa re eric 60 +a. OO +N WL 
HHAAIKK KH © O WwYVTOre Oat WOO jt = 
OO#NOO IL) OKININN eel 0 #€NNOF | bh oa 
SBNO SBOOFrMITeECNAAArKMT a NN AG Wo pi 
WDOMDWON eS Ja <f Ja AD OH 0 eeeniesin © a 
MMOOYMDAQA enw HE om] ode Owe HO HQ OD KIWNIN OF wt 
WY) i) WY) ° ee ™N 
nnnnk wen eor C) i CC) il ae Wu wy Oy T) 
nm N fan) ue 6) 
= =. > . . YY a 
<q <{ <I oe) mn © a 
QO a) a) —~ wm << FOOD 
FOOOwWL Oo Dw — a m= i wet op 
AMMAMMOOOiLed WA Lm <ALL LONLNULNOdWwed 
OadadadkarsQ so m=O Cea ON RN SNOUtjaA 
= aN ‘am ms 
> | a | 1) “1 @ © 
a) 0 a ~- ~~ @® 
= oame| = + + wd 


22 


SBS IMS et eos (eo) 
fe Sr Sane 


(Pp 
P3G 


“¢ 
( 


GO TQ 16C 


Locyrs 


1 


2-*GDIL*HD1L 


= GAMPLD 


GO TO 170 
CO 
GAM] 


200 





— CONN (Ko 
== NZS == 
<I < mel <I A) <I <{ 
aT Go, MOUs COW 
ae te CA) ~~ <I — 
za S22 NZZz 
— pot CD at at see OQ t= 
WV) AWW) man "elle ) 
© + 
Fe COON 1 FO OMI + 
NOOWM MO 
etey OF COONAN | OOM 
Se 2NKF 22S > I, > i 3 
<q HO ectagqe < e<c{(<l 
OO DQYNwOOan IONOO 
© 
tet eee Ne) 
= = ant 


O 


sat NNONNNE Mame 

=A NNTOTAQ MZzZzQA O 
=m OOO Sea COO TH OZ 
MNNOWQHUAINNODQUONNOW 


Oo 


N 
N 


VY) 


© 
wT 
N 


253 


ERM) 
Ei nt ATEN aS 
9 


T 
) 
0 


lOO 


D 
0 
1 


Es > TT 
2. 4 OL 
Oo® _J 
am<t 
LL} ww al 
zara. 
nae 
frm OK OE, LU 
D LW LL 
LW) JQ 
CS On LS ened 
cae Tt 
DAOZwW 
Noma 


INITIALIZATION 


WOW 


»*CONJG(ACS,1)) 


X(1.0,0.0) 


1 mm If mon ™ 
ee Ber Te er Ber bed 
= ww wus} © 
cCodtodtatuo 
WNC To > 
re A Aare 
WO JO 4 IA© 
OOaAOT <a HO 


QO oO 
i | 


ACS, KI*CONIGICACISsK)) 


| 

+ 

= 

S = 

Oo wv oe | 

—_ O tf J 
= » al W) 
LJ uw © — 
= Ce. | —s 
lw alo _ 
-—| om ex © 7 
wm CE OC > 
Oo 0 D2 =, 

~ e <{ oe 
© om my we y=) 
> ee we RIOOU i 
mm OO { Tia Re ©) = 
Q. oe Pl =. 
Ga 42 ZO * a 

CO ue Ow OMe (YY = = 
QQ Kaper FO = WL 
Le od HH OOH COX al =) 
Ase odtem LY TOWWwe 
£2. SS Sao ~~ 
OO OWAOoOata2a Sa ZzZe 
CSC FOMO rm i} Wit SD Hh O 
I tet wr Of SL KR 
Wy << =z=mOOdzZzae 
YM) TSOWOwWWWeoOzooa 


LOMO eet eT OO 
Oo oO wy Quy 

oO OD @® OO 

oon Lane 


124 


OO <1 1S 2) <I ww we wes eer ws () 
CSKMOwhOO toate xr > 
ma ON O06 CO. EE bn Ct 
we <teerst TOO OOP A> 
Mh her wes FS nd Ie HL 
Ss COONd {i Nel ei 0, DP 


aml 
<{ 
Fa 
© 
(als 
<I 
=. 
eS 
Posh 
es) 
= 
=z 
Li 
=~ 
LL! 
= 
i! 
= 
So © oa 
> ~~ -_ 
a | — 
a — 
- = 7m > 
re © = = OO 
> wo =) ae Se 
a ON | —_a te 
— © Oo a 
© - al =) Oo — 
= © o am m 
~ a = —A. . 7 
YY rw =) qq Fez 2 
= === 2D © 
Ct age Cqgszaws jy OO 
Yr~ = amOZOUNOOO 
peas ie adem) adem g OW) a 
0S ee | ee | ed | Pe oe) od] oon te 
OO Ow *sqmw Di Ilw ~ 
=z. 
<q 
ales 
Ww 
Ce 
LL 
rr 
a 
— 


© QO WJ 
2 Oo O 
ro N N 





330 


1205 


IF(TEMP) 330, 


DIVIDE PIVOT ROW BY PIVOT ELEMENT 


OOO 


LUM) =CMPLX(1.0:0.0) 


ACICOLUM,LISL 


CC 
aN 
v= 
REDUCE NCN+PIVOT RCWS 


lt 
1 
) 
L 


OVO 


' | = 

oO "3S 

yr oe 

© 

Ld Ld 

( <B Yoey | 2) 

Tat e 

um © 
= - 
e x< # 
> ia | =) 
© o: } 
oo -~ 
mW) — 
ane il me 
os Desc eS 
Heys fF eM) 
W IODA 2~ 


aD i} DQ 

wd mt CO) ad ed ff LL UL) 
Ole OUOUIZZ 
UN ad J OL © hot ee 
LN eed ee od SP ee ed Pm fp 
wt dqizcZa 
COuwWl~wOtwDO 


Ore TOD aAOO 
> in =) QOoOO 
2 i | WVEVES 
ma ws FOO 


INTERCHANGE COLUMNS 


OOUW 


630 


oO ae 
pad » 
a or 
Cc 
o 'o @ 
= or 
an) LL 

Ne) 
<Z 
_ -— 
-~ <_— 
N = 

Lad 
ae _ ome 
mw Ss: —? 
x< = Q. 
uJ | Zz 
Oo = en) = 
aF)wsN OA : 
a > ap 1 ¢ - 
(J ~~ et oO 
mm Owe TFC) ~- 
a FX CO~ li — = 
o ewitl eW<{[—~ © ~ 
s+ CX OaNrVIIS uy es 
ho wl Ih emD = >) 
— SO e Yew Ss LULL o = 
mAL) << Il K—(OID Vv — 
O Corsa NawotzZzecw 2b 
AZ UWOOW Dew er 


Ne SING © HR DFO Ds 
ZmO axeXxeZ2ZRnOrao 

ONL CoO s~woowaruoz 

QI IAM IQ OOM snauw 


>) OQ NWO OF OO 
NOM On nN HK 
Oo ~~ NS 


125 





ILO) 


ILE 


LZ. 


Pio iaeOn enor ERENCES 


Ticher, F.J., "Transmission Media for Millimeter-Wave 


Mim-geateouCrrecults, 1979 IEFEE MIT-S Symposium Digest, 
mereez0s—-207, Maywigo7/9. 


Meier, P.J., "Two New Integrated-circuit Media with 
Special Advantages at Millimeter Wavelengths," IEEE 


iy 2G Nat symposium Dagest, p. 221-223, May 1972. 


—_ _ 
-” 


Meier, P.J., "Integrated Fin-line Millime-er Components," 
IEEE Transactions on Microwave Theory and Techniques, 
vol. MTT-22, p. 1209-1216, December 1974. 





Meier, P.J., "Millimeter Integrated Circuits Suspended 
in the E-Plane of Rectangular Waveguide," IEEE Transactions 


Se ecuOwave Tnceory and Techniques, vol. mTT-26, p. 726- 
mes, October 1978. 


Meier, P.J., "Printed Circuit Balanced Mixer for the 4 


and 5 mm Bands," 1979 IEEE MTT-S Symposium Digest, 
meoe-66, May 1979. 


Kopdzo, E., Schuenemann, K. and El-Hennawy, H., "A 
Quadriphase Modulator in Fin-line Techniques," 1979 IEEE 


(iteoeoymMposium Digest, p. 119-121, May 1979. 


Begermann, G., "An X-Band Balanced Fin-line Mixer," IFEE 
Transactions on Microwave Theory and Techniques, vol. 
tae—Zo, Dp. LOO7-1LO011, December 1978. 

Hofmann, H., "Fin-line Dispersion," 
vol. 12, p. 428-429, August 1976. 


Electronic Letters, 


Hoefer, W.J.R., "Fin-line Parameters Calculated with the 


Piti=Method," 1979 MTT-S Symposium Digest, p. 341-343, 
May 1979. 


Saad, A.M.K. and Schunemann, K., "A Simple Method for 
Analyzing Fin-line Structures," IEEE Transactions on 


Peerowave Theory and Techniques, vol. MTT-26, p. 1002- 
1007, December 1978. 


Chang C. and Itoh, T., "Spectral Domain Analysis of 
Dominant and Higher Order Modes in Fin-lines," 1979 IEEE 


MTT-S Symposium Digest, p. 344-346, May 1979. 
meen, T. and Mittra, R., "Dispersion Characteristics of 


Slot Lines," Electronic Letters, vol. 7, p. 364-365, 
Broly L971. 


126 





key 


14. 


ip . 


LL 


Us 


ILE 


Ieee 


20): 


ZA 


22. 


Ee 


24. 


BEGa weancettecra, h., Spectral—Domain Approach for 
Calculating the Dispersion Characteristics of Microstrip 


ignes,  LEEE @ransactions on Microwave Theory and Technigues, 
(Siiome Papers), vol. MiT=21, p. 496-499, July 1973. 


feow,) 2. and Mittra, R., "A Technique for Computing 
Dispersion Characteristics of Shielded Microstrip Lines," 


IEEE Transactions on Microwave Theory and Techniques, 
Monomwt Dapers), Vol. MTT=22, p. 896-898, October 1974. 


Enomr, w.8. and Turfekcioglu, A., “Spectral-Domain Calcula- 
tion of Microstrip Characteristic Impedance," IEEE Trans- 
actions on Microwave Theory and Techniques, vol. MTT-23, 
ee? 25-/20, September 1975. 


Colin, R.wW., Pleld Theory of Guided Waves, McGraw-Hill 
Book COMpany, Inc., 1960. 


Harrington, R.F., Field Computations by Moment Methods, 
the MacMillan Company, 1968. 


Migtr, J.s. cand Kuchler, K.D., "Analysis of Coupled Slot 

and Coplanar Strips on Dielectric Substrate," IEEE Trans- 
actions on Microwave Theory and Techniques, vol. MTT-23, 

pe 52-548, July 1975. 


Kuchler, K.B., Hybrid Mode Analysis of Coplanar Transmission 
tines, Ph.D. Thesis, U.S. Naval Postgraduate School, 


Monterey, CA., June 1975. 


Cohn, S.B., "Properties of Ridged Wave Guide," IRE 


Transactions on Microwave Theory and Techniques, 
Vel. 35, Pp. 783-788, August 1947. 


Hopfer, S., "The Design of Ridged Waveguides," IRE 


Transactions on Microwave Theory and Techniques, vol. 
Put 3, jj. 20-29, October 1955. 





Lagerlof, R.D.E., "Ridged Waveguide for Planar Microwave 
Circuits," IEEE Transactions on Microwave Theory and 
aeemmecrucs (Short papers), vol. MTT-21, p. 499-501, July 
973. 


Vartanian, P.H., Ayres, W.P. and Helgessen, A.L., 
"Propagation in Dielectric Slab Loaded Rectangular Wave- 


guide," IRE Transactions on Microwave Theory and Techniques, 
fot. MiT—6, p. 215-222, April 1958. 


Peietani, £.A., Heinzgman, C.P., Agrios, J.P. and Cohn, S.B., 
"Slot Line Characteristics," IEEE Transactions on Micro- 


eee Theory and Techniques, vol. MTT-17, p. 1091-1096, 
December 1969. 


bag 





PERE An DESTRIBULION LIST 
No. Copies 


Defense Technical Information Center 2 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0142 Z 
Naval Postgraduate School 
Monterey, California 93940 


Department Chairman, Code 62 a 
Department of Electrical Engineering 

Naval Postgraduate School 

Monterey, California 93940 


Professor Jeffrey B. Knorr, Code 62Ko 2 
Department of Electrical Engineering 

Naval Postgraduate School 

Monterey, California 93940 


LT Paul Mark Shavyda, USN 2 
413 South Macon Street 
Baltimore, Maryland 21224 


Professor Kenneth G. Gray, Code 62Gy il 
Department of Electrical Engineering 

Naval Postgraduate School 

Monterey, California 93940 


128 











Thesis 186/24 
$43727 Shayda 
od Spectral domain 

analysis of fin-line. 





thesS43737 
Spectral domain analysis of fin-line. 


85 
DUDLEY KNOX LIBRARY 





